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ANODIZING OF ALUMINUM ALLOYS IN CHROMIC ACID 
SOLUTIONS OF DIFFERENT CONCENTRATIONS 


By Robert W. Buzzard 


ABSTRACT 


Investigation of the 3-percent chromic acid anodizing bath showed that the 
recommended voltage cycle was essential for formation of the best coatings. It 
was shown that not only could the corrosion-inhibiting properties of the coatings 
be improved by an increase in concentration of the electrolyte to 5 to 10 percent of 
chromic acid, but that the cycle could be eliminated, the time decreased, and the 
anodizing range of voltage and temperature broadened. 





CONTENTS 


I. Introduction 
II, Procedure 
III. Summary 
IV. References 


I. INTRODUCTION 


The practical advantage of the so-called “anodic” coatings on alumi- 
num alloys to increase the adhesion of paint [8] ' has been well estab- 
lished and accepted for a number of years. Coatings of this kind are 
produced electrolytically by making the specimen the anode in a 
suitable electrolytic bath. ‘The outstanding coating used for the above 
purpose for a number of years is that produced in an electrolyte of 
chromic acid. The only concentration of chromic acid used previous 
to the present investigation was that recommended by Bengough [3] in 
1926. In this method a 3-percent (0.3 M) chromic acid solution was 
used for the electrolyte and a definite empirical voltage cycle was 
specified, a requirement that made the method an intermittent process. 
This requirement was a decided limitation in mass production and has 
been cited by proponents of other methods as the outstanding objec- 
tion to the use of the chromic acid method. This limitation, coupled 
with the relatively early “break-down” of the bath, and the very 
narrow “anodizing” range of voltage and temperature, prompted the 
study here reported. The purpose of the investigation was to improve 
the method, both with respect to the stability of the solution and to the 
technique of the anodizing process. 


II. PROCEDURE 


Practical tests with the 3-percent chromic acid electrolyte demon- 
strated the necessity of close adherence to the recommended voltage 
cycle * and temperature (40° C) [3]. Sheet duralumin specimens were 


abe numbers in brackets refer to the literature references at the end of this paper. 
Oto 40 volts in 15 minutes, 35 minutes at 40 volts, 5 minutes from 40 to 50 volts, and 5 minutes at 50 volts. 


251 





252 Journal of Research of the National Bureau of Standards {vay 


anodized in this solution under the recommended conditions. Com. 
parison specimens were anodized in the same bath at a constant 
potential of 40 volts at 40° C for 1 hour. Visual examination of the 
resultant coatings showed only slight differences in surface character. 
istics, for example, the coating produced at a constant voltage was 
darker in color and had a softer surface, which adhered slightly to the 
fingers on rubbing. The specimens coated by the recommended 
voltage cycle showed superior corrosion-resistance in laboratory salt- 
spray tests,’ as is shown in figure 1. Both coatings complied with the 
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FicurE 1.—Relative corrosion-resistance of anodic coatings formed in the 3-percent 
chromic acid baths, and corroded in the 20-percent NaCl spray. 


(1) Film formed with the Bengough cycle. 
(2) Film formed 40 volts at 40° C for 1 hour. 


Ss 


Navy Department specification [10] covering acceptance tests for 
anodized duralumin, that is, a loss of not more than 10 percent in elon- 
gation after a 30-day salt-spray test. However, at the end of a 60-day 
corrosion period, the specimens coated by using the recommended 
voltage cycle lost less than half as much of their elongation in tensile 
tests as did the companion specimens, which were coated under 
constant-voltage conditions. The data on the corrosion-resistance 0 
the coatings represent the percentage decrease in elongation im tensile 
tests, following exposure, either to a salt spray with a 20-percent 
sodium chloride solution, at 35° C, or to intermittent immersion in 4 


3 The salt-spray tests were run at a constant temperature of 35° ©. The 20-percent NaCl solution was 
made up with Cp NaCl and distilled water. The solution was filtered before use. The concentration of 


the solution was checked daily by gravity determinations. 
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solution containing 9 parts of normal NaCl and 1 part of 3-percent 
H,0, at room temperature. 

It was found that the quality of the coating and the conditions under 
which the process could be carried out satisfactorily varied with the 
chromic acid concentration of the bath. Specimens anodized in 5- 
percent (0.5 M) chromic acid at a constant voltage for 1 hour were 
found to compare favorably in corrosion resistance to the best coatings 
produced in the 3-percent chromic acid bath. The increase in con- 
centration of chromic acid so changed the bath characteristics that the 
voltage cycle was not needed. An increase of the chromic acid con- 
centration up to 10 percent (1 AZ) produced further improvement in 
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FicurE 2.—Comparative corrosion resistance of anodic films formed in varying con- 
centrations of chromic acid and corrodea 11 the 20-percent NaCl spray. 


(1) 10-percent chromic acid bath; 40 volts at 35° C for 1 hour. 
(2) 5-percent chromic acid bath; 40 volts at 35° C for 1 hour. 
(3) 3-percent chromic acid bath with Bengough cycle. 


both the quality of the coating and in the operating conditions. The 
improvement in the quality of the coating is illustrated by the three 
curves in figure 2. 

The elimination of the empirical voltage cycle for the anodizing 
tteatment by the use of higher concentrations of chromic acid per- 
mitted the process to be run continuously. This eliminated one of 
the major limitations previously encountered in anodizing in chromic 
acid solutions. 

In general, the permissible ranges of temperature and voltage for 
tnodizing were greatly broadened by use of the 10-percent chromic acid 
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solution. With the 5-percent chromic acid solution no variation ip 
voltage was permissible, whereas, with the 10-percent solution, satis. 
factory results were obtained by using any constant potential within 
the range from 30 to 40 volts. The effect of time, that is, the length of 
the anodizing period, on the quality of the coatings * produced at 30 
and at 40 volts, respectively, was studied in the 10-percent chromic 
acid solution at 35° C. After anodizing, the coated sheet duralumin 
specimens were subjected to the salt-spray test for 60 days. It is 
evident from the results in figure 3 that treatment for periods of 30 
minutes or longer at either 30 or 40 volts in a 10-percent chromic acid 
bath at 35° produced excellent protective coatings. It is also 
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Ficure 3.—Effect of anodizing period on quality of film formed in 10-percent chromic 
acid and corroded in the 20-percent NaCl spray. 


Films formed at 40 volts and 35° C for: Films formed at 30 volts and 35° C for: 
a 15 minutes. (4) 15 minutes. 
2) 30 minutes. (5) 45 minutes. 
(3) 60 minutes. (6) 60 minutes. 


apparent that, for the longer anodizing periods, 30 volts gave a better 
coating than did 40 volts. For producing coatings ha maximum 
corrosion resistance, a 60-minute anodizing period should be used, 
although treatment for 30 minutes in the 10-percent chromic acid bath 
roduced coatings which satisfactorily met the requirements of the 
avy specification [10]. 

The comparative merits of anodic coatings produced in a 10-percent 
chromic acid solution, and of similar coatings produced in a 3-percent 
solution, are portrayed in figure 4. The upper series of curves sum- 


4 Anodized at Naval Aircraft Factory, Philadelphia, in a large commercial installation. 
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Ficure 4.—Comparative values of anodic films formed under varying conditions. 
(a) 3-percent chromic acid bath with Bengough cycle. 
(b) 3-percent chromic acid bath at 40 volts and 40° G C. 
10-percent chromic acid bath at 35 volts and 40° C. 
d) 10-percent chromic acid bath at 30 volts and 30° C. 
(e) fo anton chromic acid bath at 38 volts and 30° > 
f) 10-pereent chromic acid bath at 40 volts and 35° C. 
) 10-pereent chromic acid bath at 30 volts and 35° C. 
The represent the Felot tive quality of tl en ao, gy bb hy the ane f the results of the two 
letters ve Oo coa on average 0 r oO 
Corrosion tests for four intervals. — 
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marizes the results obtained in a salt-spray test with a 20-percent 
NaCl solution at 35° C. The lower set shows the results obtained 
with companion specimens corroded by intermittent immersion, 
The letters designate the different coatings and the figures represent 
the relative quality of the various films compared, the basic of com- 
parison being the average of the results obtained in the two tests 
after four corrosion periods. It is evident that the best coating pro. 
duced in the 10-percent chromic acid solution was formed with 30 
volts at 35° C for 60 minutes. Although the optimum operating 
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Figure 5.—Comparative value of chromic acid films as paint bases. 
(1) 10-percent chromic acid bath at 30 volts, and 35° C, 60 minutes. 


(2) 10-percent chromic acid bath at either 35 or 40 volts and 35° C, 60 minutes. 
(3) 3-percent chromic acid bath with Bengough cycle. 
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temperature for the 10-percent bath is given as 35° C, good results were 
also obtained at 40° C. 

The coatings produced in the 10-percent chromic acid bath were 
excellent as paint bases. Results of corrosion tests by intermittent 
immersion of four anodically coated specimens, each bearing two 
coats of aluminum-pigmented spar varnish, are given in figure 5. 
all of these tests, the coatings formed on duralumin in 10-percent 
chromic acid were better as bases for pa nt than were those prepared 
in 3-percent chromic acid. 


III. SUMMARY 


1. The necessity for using the empirical voltage cycle recommended 
for anodizing baths containing 3 percent of chromic acid has bee 
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verified. However, by increasing the chromic acid concentration from 
3 percent to either 5 or 10 percent, this cycle is no longer necessary. 

2. The use of a voltage cycle in processes of this kind necessarily 
limits the method to intermittent operation. Good coatings have 
been formed at constant voltages by using a more concentrated solu- 
tion, that is, from 5 to 10 percent of chromic acid. This method may 
be operated as a continuous process. 

3. The range of voltage and temperature over which the anodizing 
process can be satisfactorily used is widened by increasing the chromic 
acid concentration and the required time is decreased. 

4, The coatings formed in a 10-percent chromic acid solution at a 
constant voltage are superior in many ways to those formed in the 
3-percent solution with the recommended voltage cycle. 
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COOPERATIVE STUDY OF METHODS FOR THE DETER- 
MINATION OF OXYGEN IN STEEL 


By John G. Thompson, Herbert C. Vacher, and Harry A. Bright 


ABSTRACT 


The data from reports of 35 laboratories, comprising more than 2,000 analytical 
determinations, indicate that the vacuum-fusion method yields accurate results 
for the oxygen contents of plain-carbon steels either aluminum-killed, silicon- 
killed, or of the rimming type; the aqueous-iodine method yields accurate 
results for some types of killed steels and low results for other steels; more data, 
and particularly more concordant data, are necessary to define the accuracy of 
the other methods employed in this cooperative analysis. 

The vacuum-fusion procedures are reviewed and recommendations given for 
obtaining optimum results by this method. 


CONTENTS 


I. Introduction 
II. Review of the results obtained in the cooperative analyses 
1. Vacuum-fusion method 
(a) Recommendations for the determination of oxygen by the 
vacuum-fusion method 
(b) Determinations of nitrogen and hydrogen 
. Iodine method 
. Accuracy of the vacuum-fusion and aqueous-iodine methods 
. Hydrogen-reduction method 
. Electrolytic method 
. Miscellaneous methods 
(a) Mercuric-chloride method 
(b) Chlorine method 
(c) Fractional vacuum-fusion method 
(d) Nitric-acid method 
(e) Hydrochloric-acid method 
III. Authors’ comments and conclusions 


I. INTRODUCTION 


_ The methods employed for the determination of oxides and oxygen 
in ferrous materials may be roughly classed in two groups, “residue” 
methods and “reduction” methods. The first group includes the 
lodine, electrolytic, mercuric chloride, hydrochloric acid, nitric acid, 
and chlorine methods, all depending upon the action of a selected 
medium to separate the metallic portions of the sample from the 
oxygen-containing constituents. Subsequent analysis of the insoluble 
residue permits the isolation and separate determination of individual 
oxides and compounds. The reduction methods depend upon the 
action of carbon or hydrogen, at elevated temperatures, to reduce the 
oxygen-containing constituents. With the exception of the recently 
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developed fractional vacuum-fusion method, the reduction methods 
do not attempt to identify individual oxides and compounds but 
yield only a single value for the sum of the oxygen contents of several 
or all of the oxide constituents. With such a diversity in principles 
and aims, it is not surprising that concordance of results by different 
methods has usually been difficult to obtain and, consequently, the 
accuracy and merits of each of the methods of analysis have been 
subjects of controversial and extended discussion. 

The present cooperative attempt to define the accuracy and limits 
of usefulness of the various methods originated in correspondence 
between Dr. John Johnston, Director of Research of the United States 
Steel Corporation, and other metallurgists. The plan was, briefly, to 
submit identical samples to a number of laboratories for analysis by 
different methods and to collate the results of these analyses. The 
project was endorsed by the Iron and Steel Division of the American 
Institute of Mining and Metallurgical Engineers at the Annual 
Meeting in February 1933, and has been conducted under the joint 
sponsorship of the Iron and Steel Division and the National Bureau of 
Standards. The latter organization undertook the preparation and 
distribution of sample material and the collection of data from the 
cooperating laboratories. The preliminary stages of the undertaking 
have been described in progress reports' to the sponsors. The 
results obtained to date, comprising more than 2,000 individual 
determinations, are described in considerable detail in a paper? 
presented at the meeting of the Iron and Steel Division of the American 
Institute of Mining and Metallurgical Engineers in February 1937 and 
are presented in somewhat condensed form in the present paper, 
together with a few data that were not available when the other 
report was prepared. 

Seven plain-carbon steels and one open-hearth iron were selected, 
chiefly from commercially available material, covering a range in 
carbon, silicon, manganese, sulphur, phosphorus, and oxygen contents. 
Different melting and deoxidation practices insured the presence in the 
different steels of different amounts and combinations of oxygen. 
Alloy steels were not included in the selected list, to avoid the addi- 
tional complications introduced by the presence of alloying elements. 
The seven steels and the open-hearth iron recorded in table 1 were 
procured by R. F. Mehl and C. H. Herty, Jr., through the cooperation 
of the Jon2s and Laughlin Steel Corporation, the Carnegie Steel Co., 
and the American Rolling Mill Co. 

Many precautions were observed in the preparation of sample 
material in order that all of the analytical samples of a particular 
steel should be as nearly identical as possible. For each of the eight 
compositions a portion of a single large ingot was selected so as to 
obtain material as free as possible from vertical segregation. Diffi- 
culties resulting from horizontal segregation in the ingot, i. e., from 
skin to core, were avoided by converting the 500-pound selected por- 
tion of the ingot into hot-rolled rod approximately 1 inch in diameter. 
An analytical sample consisting of a complete cross section of a 
therefore represents a complete cross section of the ingot, and adjacent 
samples should be identical even though neither one is completely 
homogeneous. 


1 Mining and Met. 15, 215 (1934); 16, 184 (1935), 
? Metals Tech. (December 1936). 
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TABLE 1.—WTyve and composition of the selected steels 
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Samples taken at intervals throughout the length of each rod were 
subjected to analysis by the vacuum-fusion method. These explora- 
tory analyses confirmed the reproducibility of results obtained from 
adjacent specimens and showed that the oxygen content of the por. 
tion of each rod selected for sample material was satisfactorily uniform 
from end to end. The maximum difference between the highest and 
lowest values for each of the seven steels (oxygen content 0.02 percent 
or less) was 0.003 percent, and for the open-hearth iron (oxygen 
content 0.10 percent or more) the maximum difference was 0.01 
percent. 

For further study of segregation, transverse sections taken at inter- 
vals along each rod were roughly polished with 1G emery paper and 
then etched from 10 to 15 minutes in diluted hydrochloric acid (1+1) 
at 70° C. The characteristic pattern developed in each of the cight 
steels, figure 1, clearly indicated differences between the core and 
outer areas of most of the steels, but no significant difference could 
be detected in samples from different positions in the same rod, 
Oxygen segregation sometimes accompanies the segregation revealed 
by deep etching, as was shown by vacuum-fusion analyses of samples 
representing (1) complete cross sections of the rods, and (2) core areas 
after removal of the outer layers in a lathe. For example, the results 
for steel 1 were 0.019 percent of oxygen for the complete cross section 
0.96 inch in diameter, and 0.033 percent of oxygen for the core area 
0.357 inch in diameter. Likewise, the results for iron 7 were 0.112 
percent of oxygen for the complete cross section 1.25 inches in diam- 
eter and 0.128 percent of oxygen for the core 0.494 inch in diameter. 
These results emphasize the necessity for using a complete cross 
section of a rod for each analytical sample. 

Obviously the oxygen-rich scale resulting from hot-rolling must be 
removed from the sample prior to the determination of oxygen or 
oxides. To insure uniformity in this respect it was directed that the 
diameter of iron 7 be reduced to 1.25 inches and the diameter of each 
of the other steels to 0.95 inch, in a lathe just before the analytical 
samples were prepared. 

At the completion of the exploratory examination the rods were cut 
into short lengths, each being marked to identify its position in the 
original rod. Bundles of eight 6-inch rods, one from each of the eight 
steels, were prepared for the cooperating laboratories. 

Meanwhile correspondence had been conducted with laboratories in 
this country and abroad, that were known to be interested in the 
determination of oxygen in ferrous materials. The present summary 
is based on the results reported by the 35 laboratories listed in table 2, 
together with identification numbers and with indications of the meth- 
ods of analysis employed. Several of the laboratories reported results 
by more than one method of analysis. Consequently, there are availa- 
ble 15 reports of determinations by the vacuum-fusion method, 11 by 


iodine methods, 8 by electrolytic methods, 4 by hydrogen-reduction 
methods, 3 by the chlorine method, 2 each by the mercuric-chloride 
and hydrochloric-acid methods, and one by the nitric-acid method, 
representing a total of more than 2,000 analytical determinations. 
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TaBLE 2.—Cooperating laboratories 
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Battelle Memorial Institute, Columbus, Ohio... 
8. Epstein, Metallurgist. 


United States Steel Corporation, Kearny, N.J_ 
John J nee Piter of r of Research; 
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Trans. Am. Inst. Mining Met. Engrs, 
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Trans. Am. Inst. Mining Met. Engr. 
116, 405 (1935). 
Mercuric-chloride method. 
Arch. Eisenhtittenw. 8, 391 (1934-35), 
Microscopical examination. 
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The critical review of such a mass of data obviously can be better 


and more authoritatively accomplished by a small group, comprising 
experts in the various methods of analysis, rather than by one or two 
individuals. A subcommittee of the Iron and Steel Division of the 
American Institute of Mining and Metallurgical Engineers was 
therefore appointed, consisting of 

John Chipman, chairman (American Rolling Mill Co.). 

J. J. Egan (Union Carbide and Carbon Research Laboratories). 

C. H. Herty, Jr. (Bethlehem Steel Co.). 


8. L. Hoyt (A. O. Smith Corporation). 
John Johnston (United States Steel Corporation). 
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On May 14, 1936, the committee, with Messrs. Hoyt and Johnston 
represented, respectively, by M. A. Scheil and B. M. Larsen, met with 
representatives of the National Bureau of Standards (J. G. Thompson, 
H. C. Vacher, and H. A. Bright) and with the following, who were 
present by invitation: 

Thos. R. Conningham (The Electro Metallurgical Co.). 

Frank W. Scott (Inland Steel Co.). 

O. B. Ellis (American Rolling Mill Co.). 

Louis Jordan (Assistant Secretary, American Institute of Mining and Metallur- 
gical Engineers). 

To facilitate the review of the data the committee was divided into 
two sections. Messrs. Chipman, Larsen, Scheil, Jordan, Vacher, and 
Thompson considered the data of the vacuum-fusion, hydrogen- 
reduction, and chlorine methods, and Messrs. Herty, Egan, Cunning- 
ham, Scott, Ellis, and Bright reviewed the data of the extraction and 
residue methods. After 2 days of intensive study the two sections 
combined for general discussion. The results of these deliberations 
are given in the ensuing pages of this report, the various methods 
being discussed in order of the number of data available for each 
method. 


II. REVIEW OF THE RESULTS OBTAINED IN THE 
COOPERATIVE ANALYSES 


1. VACUTJM-FUSION METHOD 


The principles upon which the vacuum-fusion method, for the 
determination of total oxygen in iron or steel, is based are briefly as 
follows: 

The sample is melted in a graphite crucible contained in a highly 
evacuated furnace. Under these conditions, occluded and dissolved 
oxygen is liberated and the various oxide and silicate combinations 
that exist in ferrous materials are reduced. In the usual procedure, 
determination of the amount of carbon monoxide in the evolved gases 
furnishes a value for the total oxygen content of the material but does 
not indicate the relative amounts of the different compounds of oxygen 
that were present. In the recently developed fractional vacuum- 
fusion method, values for individual oxides are obtained by reduction 
of the sample in stages at successively increased temperatures, with 
separate analysis of the gases evolved in each stage. The vacuum- 
fusion method permits the simultaneous determination of nitrogen 
and hydrogen, as well as oxygen, in a single sample. 

Fiftéen reports of determinations by the vacuum-fusion method 
were available for consideration. Some of the cooperators reported 
the results of individual determinations, others reported only one 
value for each steel. The preferred values of each cooperator, or 
averages of all the determinations in those instances where a preferred 
value was not indicated, are shown in table 3. Some of the averaged 
values have been rounded to eliminate meaningless fractions of one 
thousandth of 1 percent. 
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The review of the vacuum-fusion data proceeded along three lines: 

1. Arbitrary establishment of a range of acceptable results for each 
steel, by eliminating scattered high and low values. 

2. Statistical study to determine the apparatus and procedures 
most consistently yielding results within the acceptable ranges. 

3. Detailed ed of apparatus and procedure of each cooperator 
for possible explanation of the failures to obtain consistently accep- 
able results. 

In many cases, final conclusions were based upon consideration of 
all the foregoing criteria, but for convenience in this report the three 
items will be discussed separately. 

The first impression was that the range of the reported results for 
each steel was too great to be acceptable. It is evident that no 
cooperator obtained results consistently higher, or lower, than the 
others for all eight steels and, in general, the relative position of each 
cooperator in the columns of table 3 varies considerably from steel 
to steel. Consequently, the large ranges can be considered to be the 
result of individual experimental errors rather than of consistent 
differences in apparatus or procedure, and it is therefore legitimate to 
eliminate arbitrarily the scattered results, either high or low, in order 
to obtain for each steel a narrowed range that still includes the results 
of a majority of the cooperators. 

The heavy rules in each column of table 3 inclose the acceptable 
values, after elimination of the scattered results. Such ranges of 
acceptable values would be considered satisfactory in determinations 
of corresponding amounts of elements such as carbon, sulphur, and 
manganese, for which the analytical methods are much more standard- 
ized than is the case for the determination of oxygen. It is evident 
that scattered values, both high and low, were aneaeded for all the 
steels except steel 2. For this steel only low results were eliminated 
as it was considered improbable that any cooperator would obtain 
too high a result for oxygen in a steel which contained more than 1 
percent of manganese. In the opinion of the reviewing committee 
the “best”’ value for the oxygen content of each steel, according to the 
vacuum-fusion method of analysis, is approximately the mean of the 
acceptable values, except for steel 2. For this steel the “‘best’’ value is 
probably at or near the top of the acceptable range. 

Each of the acceptable ranges in table 3 includes a majority of the 
reported values for one of the steels, but the personnel of the accept- 
able majority varies from steel to steel. Consideration of the details 
of apparatus and procedure of the individual cooperators furnishes 
plausible explanations for many of these deviations from acceptable 
results. Some of these details, compiled from the reports of the 
oe and the published references cited in table 2, are shown 
In table 4. 

From the fact that four cooperators, 8, 18, 20, and 29, obtained 
results lying within the acceptable range for each of the eight steels, 
it is evident that acceptable results can be obtained in spite of con- 
siderable variation in apparatus and procedure. Cooperator 20 
ued a graphite-spiral furnace; the other three used high-frequency 
induction furnaces. Operating temperatures ranged from 1,550° C 
for cooperator 18, to 1,900° C for cooperator 20. The type of crucible 
support, thermal insulation of the crucible, weight of sample, and the 
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method employed for analysis of the evolved gases, varied consider- 
ably in these four procedures. Three of the four employed large 
furnace connections and four-stage, high-capacity diffusion pumps 
for rapid evacuation of the evolved gases from the furnace chamber, 
whereas cooperator 8 obtained acceptable results with a two-stage 
pump and somewhat constricted furnace connections. Protection 
of the quartz furnace tube by an external water-jacket instead of 
internal radiation screens, yielded acceptable results for cooperator 
18, although it is interesting to note that Thanheiser and Brauns ® 
recently reported that the interference of manganese, leading to low 
recoveries of oxygen, was more severe when the furnace tube was 
water-jacketed than when it was less drastically cooled by means of 
a coil of copper tubing. 

The four procedures that yielded acceptable results for all eight 
steels have the following characteristics in common (1) a low blank 
correction for the apparatus; (2) precautions against interference by 
manganese; and (3) precautions against spattering of the molten 
sample. The importance of these three characteristics, common to 
all four of these procedures, deserves emphasis. A low blank correc- 
tion, equivalent to not more than 0.001 percent of oxygen in a deter- 
mination, is a prerequisite of satisfactory operation; larger or variable 
blank corrections are unsatisfactory for the determination of small 
amounts of oxygen. 

It is the opinion of the reviewing committee that the presence of 
manganese in the sample causes some degree of interference in many 
of the procedures employed in this cooperative analysis because of 
absorption of gas by manganese vapor or sublimate. Cooperator 20 
remarked that “the oxygen values for the two manganese-rich samples, 
2 and 3, are perhaps somewhat low, in spite of our precautions.” 

Spattering as a result of gas evolution from the sample during 
melting or shortly thereafter may result in either high or low values 
for oxygen. If the spattered globules of molten metal come in 
contact with refractory oxides of the radiation screen or quartz 
furnace tube, a reaction resulting in the formation of CO may occur 
and cause a high value for oxygen. On the other hand, if the portion 
thrown out from the crucible falls to the cold bottom of the furnace 
tube, the oxygen of that portion of the sample is lost. The apparatus 
of each of the four cooperators, who obtained consistently satisfacto 
results, was arranged to prevent loss of molten spatters or their 
contact with hot refractory oxides. Cooperator 8 used a graphite 
float and cooperator 18 a graphite filter to prevent the spattered 
material from leaving the crucible; cooperator 20 apparently used a 
deep crucible covered with a graphite funnel in a graphite-spiral 
furnace that did not contain any refractory oxides. In the apparatus 
of cooperator 29, a thin-walled graphite tube extended from the top 
of the crucible to the bottom of the guide tube through which the 


—____. 
‘Arch. Eisenhiittenw. 9, 435 (1935-36). 
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samples were dropped. With this arrangement, any spattered 
articles struck the inner surface of the graphite tube and dropped 
ack into the crucible. Only rarely would a spattered particle be 
evolved with sufficient velocity to reach the guide tube. 

Spattering is probably one of the principal causes for the erratic 
results of individual determinations and for the divergence between 
the results of different cooperators. It is significant chat the greatest 
divergence of reported results is for open-hearth iron 7, which has the 
largest oxygen content and consequently the greatest tendency to 
spatter. The results for steel 3, although less divergent than the 
results for iron 7, are more divergent than those of other steels of 
similar oxygen content. However, steel 3 is relatively high in nitrogen 
and the total volume of gases evolved is appreciably greater than that 
from other steels of similar oxygen content. Consequently the 
divergence of results for steel 3 also may be ascribed, in part, to 
spattering. It has been previously mentioned that gradual melting 
of the sample is sometimes employed to reduce the tendency to spatter, 
but this procedure apparently increases the susceptibility to manganese 
interference. 

The fractional vacuum-fusion procedure, which is currently a 
subject of considerable interest, is represented in these data by the 
results of only one cooperator, 24, whose values for total oxygen are 
usually within the acceptable ranges but slightly high for steels 3, 4, 
and 5. Comparison of the values obtained for the separate fractions 
with the results of residue methods is given in a later section. 

The reports of the other cooperators who used the vacuum-fusion 
procedure comprise 80 values, of which 47 are within the acceptable 
ranges, 14 are high, and 19 arelow. In several instances it is possible 
to account for high or low results on the basis of one or more of the 
following sources of error (1) spattering; (2) interference by manga- 
nese; (3) high or irregular blank correction; (4) slow melting; (5) 
improper sampling; and (6) miscellaneous causes. 


(a) RECOMMENDATIONS FOR THE DETERMINATION OF OXYGEN BY THE 
VACUUM-FUSION METHOD 


(1) Furnace construction—Either a high-frequency induction fur- 
nace or a graphite-spiral resistor may be used. The presence of 
refractory oxides in the furnace chamber is undesirable, particularly 
if they are hot or in contact with hot graphite; beryllium oxide appears 
to be least objectionable. 

(2) Analysis of the evolved gases.—The selection of a procedure and 
apparatus for the analysis of the gases evolved from the sample is 
apparently a matter of personal preference. The determination may 
be made volumetrically or gravimetrically, at low pressure or at 
atmospheric pressure, or by selective freezing. 

(3) Procedure-—Complete reduction of the oxides in these steels can 
be obtained in a reasonable time at temperatures as low as 1,550° C. 
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Preliminary “outgassing” of the furnace is accomplished at a tempera- 
ture about 200° C higher than the operating temperature. The pres- 
sure in the furnace at operating temperature should not exceed 0.001 
mm of Hg at the beginning of a determination. The blank correction 
for the apparatus should not exceed 0.001 percent of oxygen in a 
determination. The size of the sample depends upon the storage 
capacity of the apparatus and on the oxygen content of the material, 
but the sample must be representative. Spattering of the melting 
sample or of the molten bath should be prevented, but a satisfactorily 
reliable and convenient means of accomplishing this end has not yet 
been developed. The evolved gases should be removed rapidly and 
completely from the furnace chamber to avoid secondary reactions 
with the walls and contents of the furnace; a four-stage, mercury- 
diffusion pump of high capacity is frequently employed. Constricted 
or relatively long connections between the furnace and the diffusion 
pump should be avoided. 

(4) Manganese interference.—The presence of 0.5 percent or more of 
manganese in a steel to be analyzed constitutes a potential source of 
error in the apparatus generally used, either as a result of the presence 
of manganese as vapor in the furnace chamber or condensed on the 
furnace walls, or both. Established precautions to minimize the error 
from this source include (a) the rapid and complete removal of evolved 
gases from the furnace chamber; (b) the use of a fresh crucible for each 
determination or dilution of the sample with manganese-free iron; and 
(c) frequent cleaning of the furnace chamber. The minimum man- 
ganese content that will produce a noticeable error apparently varies 
with the construction of the apparatus and with the procedure. Two 
of the cooperators, 27 and 31, believe that their procedures are free 
from error by interference from manganese contents up to 3 and 12 
percent, respectively. Unpublished results of experiments on steel 2 
at the National Bureau of Standards showed that two and sometimes 
three consecutive samples could be melted in the same crucible without 
appreciable error from manganese interference, provided that a high- 
capacity pump was used. On the other hand, when a pump of lower 
capacity was used, with somewhat higher furnace pressure, error from 
this source was noticeable in the second determination. It was also 
found that the determination of oxygen in steel 2 was affected some- 
what by the size of the sample, slightly higher values being obtained 
from the smaller samples. A possible explanation is that they melted 
more rapidly and the gas evolution was completed before appreciable 
evolution of manganese vapor occurred. This appears to be additional 
evidence of the usefulness of rapid melting of the sample for minimizing 
the error from interference by manganese. 


(b) DETERMINATIONS OF NITROGEN AND HYDROGEN 


Several cooperators reported results for nitrogen and hydrogen, as 
well as for oxygen. These are summarized in tables 5 and 6. The 
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results of different cooperators for nitrogen are in quite satisfactory 
agreement, allowance being made for an occasional high or low result, 
The good agreement of the single set of results by the solution. 
distillation method with those obtained by vacuum fusion indicates 
that both methods are dependable in determining the nitrogen content 
of these steels. 

The results of the four cooperators who determined hydrogen by 
the vacuum-fusion method indicate that the hydrogen content for 
each of the eight steels is less than 0.001 percent. 

The desirability of accurate determinations of amounts of hydrogen 
considerably less than 0.001 percent by weight is indicated by recenily 
reported results. Thanheiser* reported that significant Jifferenas 
in the elongation and reduction of area of samples of freshly rolled 
rail steel occurred when the hydrogen content was reduced from 2 or 
3 ce per 100 g to lesser amounts by means of annealing and aging 
treatments. ‘These figures indicate that a hydrogen content of 0.0002 
percent, by weight, may affect the properties of steel to an appreciable 
extent, and that even smaller amounts may be significant. The 
accurate determination of such amounts of any element is indeed a 


problem. 
TaBLe 5.—Determination of nitrogen 
(Percent) 
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TABLE 6.—Determination of hydrogen 
(Percent) 





STEELS 





1 4 5 





0. 00014 
- 0001 
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- 00002 





























2. IODINE METHOD 


In the iodine method for determining oxides in steel, the sample 1s 
treated with a suitable solution of iodine. Iron, silicon, and manga- 
nese are dissolved, and a residue of carbonaceous material (carbides 
in certain cases) and unattacked oxides remains. 


4 Stahl u. Eisen 56,1125 (1936). 
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In the procedure described by Cunningham and Price (table 2, 
cooperator 13), a 5- to 10-g sample is treated at 3 to 5° C in a stop- 
pered flask with an aqueous solution of iodine in ferrous iodide.’ By 
the method of Rooney and Stapleton (table 2, cooperator 31) the 
sample is treated with a solution of iodine in anhydrous methyl alcohol 
(70 g of iodine in 600 ml of alcohol). Rather elaborate precautions 
are necessary to exclude all moisture and oxygen from the solvent and 
containers while the steel is dissolving and during filtration of the re- 
sulting solution. Willems (table 2, cooperator 10) recommended the 
use of a solution of iodine in absolute ethyl alcohol and filtration 
through an ultrafilter. 

The proponents of the alcoholic iodine solutions claim that higher 
recoveries of oxides of iron and manganese are obtained with these 
solvents than with aqueous solutions of iodine in ferrous and potassium 
jodide. 

The values for Al,O;, SiO., MnO, and FeO, obtained by the co- 
operators, are given in tables 7, 8,9,and 10.6 Reports were submitted 
by 12 cooperators though not all reported values for all of the 8 steels. 
Eight cooperators used an aqueous iodine solvent, essentially the 
procedure described by Cunningham and Price; three used a solution 
of iodine in anhydrous methyl alcohol, as described by Rooney and 
Stapleton, and one employed a solution of iodine in absolute alcohol, 
as described by Willems. Some of the values reported by cooperator 
31 were obtained by a variant of Rooney and Stapleton’s method, 
but details of the modified procedure are not yet available. 

$ Prepared as follows: To 5 g of plain-carbon steel drillings in a 300-ml Erlenmeyer flask are added 25 ml of 
water, 4g of ammonium citrate, and 30g ofiodine. The flask is shaken for several minutes in ice water and 
then 30 g of additional iodine is added. The shaking is continued until all the iodine has dissolved, where- 
upon the solution is filtered. The total volume of the filtrate and washings should not exceed 75 ml and this 
amount of solution is sufficient for a 5-g sample. For larger samples, proportionally more solvent is used. 


§ Total Al, Si, Mn, and Fein the insoluble residues are reported as the single oxides, which may exist in 
the steel as such, or in combination as silicates or spinels. 
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The values obtained by the iodine method vary rather widely among 
themselves. Undoubtedly, inaccurate chemical analysis of the insoly. 
ble residue is responsible in part. In studying the data of the eight 
cooperators who used an aqueous solution of iodine, it was observe 
that the results obtained by some were consistently high or low, anj 
that the values obtained by cooperators 7, 13, 19, 21, and 29 wep 
generally in good agreement. The “selected values” given in table 
7, 8, 9, and 10 were chosen by the committee from the data of thog 
who used the aqueous solvent and were based largely on the results of 
the five cooperators mentioned. It is believed that these selected 
values are representative of results that may be expected by carefully 
following the Cunningham and Price procedure. 

Because of the limited number of cooperators who used the alcoholic 
solvents and the rather wide variation in the reported results, no 
selected values were chosen for this group. However, a comparison 
of these results with the selected values for the aqueous iodine method 
is discussed in a later section. 

In the following sections there is recorded a brief discussion of the 
values reported by the eight cooperators who used the aqueous iodine 
solvent. These cooperators used the Cunningham and Price method, 
except for some all changes by some of the analysts. For example, 
cooperator 7 used an I—Fel, solution containing approximately 50 g of 
iodine and 0.8 g of ammonium citrate per 100 ml; cooperator 19 used 
an I-KI solution containing 1 percent of ammonium citrate, and 
cooperator 29 used somewhat larger samples (18 to 20 g). 

The permissible variations within the selected ranges may seem 
rather wide. In general, however, the spread, except for FeO, is of 
about the same order as obtains in the determination of other con- 
stituents present in small amounts in ferrous alloys. Furthermore, 
it should be noted that a difference of 0.005 percent of FeO or MnO, or 
0.002 percent of Al,O; or SiO, is equivalent to but 0.001 percent of 
oxygen. 

Of the 53 values for the determination of Al,O;, received from co- 
operators who used an aqueous solution of iodine as the solvent, 33 
are within the selected ranges (indicated by the heavy rules in the 
columns of tables 7, 8, 9, and 10), 14 above and 6 below. On the very 
low-alumina steels, the errors are usually on the high side, probably 
because of faulty blank corrections. On the other hand, low values 
were reported by a number of cooperators for high-alumina steel 8, 
another indication of the tendency toward inaccurate analysis of the 
insoluble residues. The values obtained by the Rooney and Stapleton 
procedure (cooperators 22, 27, and 31) are of the same order of 
magnitude but frequently are higher than the selected values. 

For the determination of SiO., 59 values were received from the 
cooperators who used the aqueous-iodine solvent. Of these, 41 are 
within the selected range, 15 above and 3 below. The values obtained 
by following the Rooney and Stapleton procedure (cooperators 22, 
27, and 31) are, in general, of the same order of magnitude as the 
selected values; results obtained by following Willems’ procedure 
(cooperator 10) are within the selected ranges only for steels 2 and 7. 

For the determination of MnO, 56 values were received from the 
group who employed the aqueous-iodine solvent, of which 40 at 
within the selected range, 13 above and 3 below. The values obtained 
by the Rooney and Stapleton procedure vary considerably, and, in 
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general, are higher than those obtained with the aqueous-iodine 
solvent. Part of this difference undoubtedly can be attributed to the 
fact that MnS is not as soluble in the alcoholic as in aqueous-iodine 
solutions, and some MnS is reported as MnO. It is noteworthy that 
in steel 2 the MnO values of the alcoholic group are distinctly bias 
than the selected value, which brings up the question of whether or 
not MnO can be quantitatively recovered by the aqueous solvent from 
a steel of the 2 type. On the other hand, the values for MnO in iron 
7 by the aqueous and alcoholic methods are in good agreement. In 
this iron the maximum possible MnO would be 0.031 percent if the 
total Mn (0.024 percent) be calculated to MnO. 

For the determination of FeO, 56 values were received from those 
who used the aqueous-iodine solvent, of which 37 are within the 
selected range, 8 above and 11 below. It will be noted that the 
variation within the selected range is greater for FeO than for the 
other three oxides. This condition naturally complicates the choice 
of a selected value. The values by the Rooney and Stapleton pro- 
cedure are frequently higher than the selected values. In general, it 
appears as though the FeO values obtained by the iodine method are 
somewhat unreliable. For example, with steel 4, the selection of 
0.004 percent of FeO may be questioned. 


3, ACCURACY OF THE VACUUM-FUSION AND AQUEOUS-IODINE 
METHODS 


These cooperative analyses were undertaken in the hope that the 
results of different operators would be in sufficiently close agreement to 
define the best value, or a reasonable range of values, that should be 
obtained by each of the analytical methods. Agreement in the 
results obtained by different methods, for the same steel, would 
establish the accuracy of the methods that were in agreement. To 
date this hope has not been fully realized. The outstanding feature 
of these data is the range of results, i. e., the lack of agreement, in the 
values obtained by a group of operators using the same method even 
when each analyst confirms his own results by duplicate or multiple 
determinations. The information available at present does not 
suffice to determine whether these discrepancies are primarily the 
result of inaccuracies in the methods, minor variations in apparatus 
and procedure of different investigators, or the personal equation. 

A selection of representative ranges or “best’’ values has been 
possible only for the vacuum-fusion and aqueous-iodine methods as 
previously described. None of the other methods of analysis are 
represented by enough concordant results to indicate “best’’ values, 
and even in some of the data of the vacuum-fusion and aqueous-iodine 
methods there is sufficient lack of concordance to render the selection 
of “best” values difficult and somewhat uncertain. The determina- 
od FeO by the iodine method is a particu'ar illustration of this 
point. 

Direct comparison of the “best” values by the vacuum-fusion and 
aqueous-iodine methods can be made on the basis of the total oxygen 
content. This is given directly by the results of the vacuum-fusion 
analyses and can be computed in the iodine method from the selected 
values for Al,O;, SiO., MnO, and FeO on the assumption that other 
combinations of oxygen are not present. This assumption is not 
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strictly correct; the presence of small amounts of other oxides was 
detected’ by some of the cooperators, but the amount of oxygen 
combined in these other oxides may be neglected for present purposes, 

Values for total oxygen by the two methods are shown in table 1], 
Entirely satisfactory agreement, well within the permissible limits of 
error for such determinations, is evident for steels 4, 5,6, and 8. Such 
duplication of results by two independent methods is good evidence 
of the accuracy of both methods, as applied to these four steels, gl] 
of the “killed” type. Steels 4 and 8 were killed with aluminum, 
steels 5 and 6 with silicon. The iodine method is expected to give 
its most accurate results on steels of this type, in which the oxygen 
is present principally as Al,O; and SiO,. The good agreement of the 
results by the two methods is evidence that appreciable amounts of 
Al,O; and SiO, do not interfere with the satisfactory operation of the 
vacuum-fusion method. 


TABLE 11.—Comparison of results by the vacuum-fusion and aqueous-todine methods 





Selected values for total Selected values for total 
oxygen oxygen 








Vacuum- Vacuum- 
fusion fusion 
method ¢ | method * method ¢ 





Percent Percent Perce 
0. 018 0. 006 0. 009 

. 017 . 010 

. 017 . 009 

. 002 . 005 























* Selected values from vacuum-fusion determinations. 
+ Computed from results for Al,O;s, SiOz, MnO, and FeO obtained hy the aqueous-iodine method, 


Steel 2, a silicon-killed steel, with a manganese content of 1.15 per- 
cent, gave a “best’’ value for total oxygen by the iodine method only 
half as great as the “‘best” value by the vacuum-fusion method. In 
view of the established fact that the presence of manganese frequently 
causes low recoveries of oxygen to be obtained, the results of the 
vacuum-fusion method should not be considered as being too high. 
It is more probable that the iodine results are low, perhaps because 
the silicates in this steel are different in composition and more soluble 
than those in steels 4, 5,6, and 8. Microscopic studies (cooperators 1, 
26, and 33) indicated that the silicate inclusions are larger and more 
numerous in steel 2 than in steels 5 and 6; in steels 4 and 8 the inclu- 
sions are chiefly Al,O3. 

For steels of the “rimming” type, 1, 3, and 7, the total oxygen by 
the vacuum-fusion method was appreciably higher than by the iodine 
method. On the assumption that the vacuum-fusion method yields 
correct results for killed steels, containing the difficultly reducible 
oxides, Al,O, and SiO,, it is reasonable to conclude that this method 
should yield correct results for rimming steels in which the easil 
reducible oxides, FeO and MnO, are predominant. It is believed, 


7 Cooperator 7 reported 0.0013 percent of Cr:Os in steel 2, and 0.010 percent of Cr2Ox in iron 7; cooperator 
29 reported 0.0015 percent of Cr3Os in steel 2, 0.007 percent of CrrO: and some Fe20s in iron 7, and 9.004 
t of P2Os in steel 3; cooperator 22 reported 0.0026 percent of TiO+ in steel 2; cooperator 31 re Old 
.0034 percent of TiO: in steel 2 and CrOs in four of the steels as follows: 0.0012 percent in steel 1; 0. 
percent in steel 2; 0.0077 percent in iron 7; and 0.0006 percent in steel 8. by the 
' This statement is based on the actual difference and not on the percentage difference in results by 
two methods. In the latter respect the two methods are in fairly good agreement for iron 7. 
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therefore, that the results obtained by vacuum-fusion for steels 1, 3, 
and 7 are approximately correct, and, on the other hand, that the 
results by the iodine method are somewhat low, perhaps on account of 
analytical difficulty in determining FeO and MnO by this method or 
because of difficulty in the selection of the best values from the reported 
data for FeO and MnO. It is not fully apparent why the greatest 
difference in results by the two methods was obtained for steel 1, 
unless it is because the MnO in this steel is not combined with SiO, 
and is therefore more readily dissolved than in the other steels. 

The evidence of the available data in regard to the accuracy of the 
two methods may be summarized as follows: 

The accuracy of the vacuum-fusion method for silicon-killed and for 
aluminum-killed steels (4, 5, 6, and 8) is demonstrated by agreement 
with the results of the aqueous-iodine method. The accuracy obtained 
for killed steels justifies the assumption of accuracy for unkilled steels. 
A reasonable value was obtained for the oxygen content of steel 2 and 
indicates that the presence of 1.15 percent of manganese in a steel 
does not introduce serious error in the best results obtainable by the 
vacuum-fusion method. 

The accuracy of the iodine method for aluminum-killed steels and 
for some silicon-killed steels is demonstrated by agreement with the 
results of the vacuum-fusion method, for steels 4, 5, 6, and 8. The 
low results obtained for steel 2 indicate that inaccurate results may be 
obtained on some silicon-killed steels. Low results were obtained on 
rimming steels. Satisfactory concordance in the results obtained by 
the iodine method, particularly for FeO, is not yet attainable. 


4. HYDROGEN-REDUCTION METHOD 


This method depends upon the reduction of oxides in the sample 
by means of purified hydrogen at elevated temperatures. The amount 
of water vapor in the hydrogen leaving the furnace indicates the 
amount of oxides reduced. It is generally believed that FeO and 
MnO are completely reduced under these conditions, but that refrac- 
tory compounds such as AI,O,; and certain silicates are reduced only 
partially or not at all. 

Four of the cooperators in this project reported results obtained by 
this method. Essential details of apparatus and procedure, which 
differed considerably for the four, have been published elsewhere.°* 

The data reported by these four cooperators and shown in table 12, 
are too few and the concordance of results is not sufficiently close to 
permit a selection of representative values for the hydrogen-reduction 
method. For each steel the four values extend over a considerable 
range, frequently greater than that of the 15 determinations by the 
vacuum-fusion method. 


‘Metals Tech. (December 1936). 


123125—37——_3 





Journal of Research of the National Bureau of Standards ivan 


TABLE 12.—Determinations of oxygen by hydrogen-reduction methods. 
STEEL 








Cooperator 
| Cooperator 
Cooperator 
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A comparison of the hydrogen-reduction results with the acceptable 
values for the vacuum-fusion method (see table 3) shows that the 
results of only one cooperator (32) are consistently near to or 
within the limits of acceptable values established by the vacuum. 
fusion method. The available information is not sufficient to account 
for the lack of agreement between the results of different investigators 
or between the results by the hydrogen-reduction and vacuum-fusion 
methods. The hydrogen-reduction method is generally assumed to 
recover only the oxygen combined as FeO or MnO, but for steel 8, in 
which the oxygen is present chiefly as Al,O;, three of the four results 
are as high as the results by the vacuum-fusion method. On the 
other hand, for the sample of open-hearth iron in which the oxygen is 
present chiefly as FeO and MnO, the results tend to run lower than 
those by vacuum-fusion. It is of interest to note that the best agree- 
ment within the results by the hydrogen-reduction method is obtained 
for steel 1, and for this steel the results by hydrogen-reduction and 
vacuum-fusion are in good agreement, whereas those by iodine and 
vacuum-fusion are not. More data, and particularly more concordant 
data, are needed to establish the accurancy of the hydrogen-reduction 


method. 
5. ELECTROLYTIC METHOD 


By making the sample the anode in an electrolytic cell with a suit- 
able electrolyte, and by controlling the conditions of electrolysis, the 
soluble metallic constituents can be separated from the insoluble 
nonmetallic material. After electrolysis, the loss in weight of the 
anode is determined and the neoluble residue is collected and ana- 
lyzed. The four following electrolytes were used by the seven 
cooperators reporting results by this method: 

(a) An aqueous solution containing 3 percent of FeSO,.7H,0 and 
1 percent of NaCl, as recommended by G. R. Fitterer and coworkers, 
MnO, SiO., and Al,O; being determined in the insoluble residues. 
Values for FeO cannot be obtained since basic ferric sulphate and 
— hydroxide precipitate during electrolysis and contaminate the 
residue. 

(b) An aqueous solution containing approximately 45 g of mag- 
nesium iodide and 2 g of iodine per liter, as recommended by F. W. 
Scott for the determination of FeO, MnO, Al,O;, and SiO,, the claim 
being made that iron dissolves without hydrolysis in this electrolyte, 
and that any sulphides, phosphides, and carbides in steel are com- 
pletely decomposed. 
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(c) A 3-percent aqueous solution of ferrous chloride, recommended 
by H. Styri for determining SiO, and Al,O;. In some experiments a 
solution containing 3 percent of sodium citrate and 0.1 percent of 
ferrous chloride was‘used in the anode compartment. 

(d) A 0.1N potassium bromide solution containing about 10 per- 
cent of sodium citrate, for the anode compartment and a 10-percent 
solution of a copper salt, either sulphate or bromide for the cathode 
compartment, as recommended by Benedicks, whose published des- 
cription stated that the determination of FeO, Al,O;, and SiO, was 
adequate but that the determination of MnO was not quite satis- 
factory. This was used for determining the four constituents listed. 

The results reported by seven cooperators are shown in table 13. 
Two cooperators heat treated the samples before electrolysis to see if 
heat. treatment and the resulting redistribution of carbides affected 
the determination of Al,O; and Si0,. 

The comparison of results obtained by different observers using 
the same electrolyte is frequently complicated by variations in 
methods of analysis and other departures from uniform procedure. 
There are not enough data available to justify the selection of “best” 
values for any one electrolyte or for the electrolytic procedure, in 
general. However, the results obtained by electrolytic methods can 
be compared with the selected values by the aqueous-iodine method, 
shown at the bottom of each section of table 13. 

Electrolytic methods, in general, are believed to be more reliable 
for determinations of SiO, and Al,O; than for FeO and MnO. The 
latter determinations are complicated by the presence of carbides 
and sulphides in the insoluble residue; by the presence of hydrated 
compounds formed by anodic oxidation during electrolysis; and by 
the presence of small metallic particles from mechanical disintegra- 
tion of the anode. ‘The consistently high results for FeO and MnO, 
by electrolytic methods, as compared with the selected values by the 
aqueous-iodine method, may reflect the analytical difficulties in 
the determination of FeO and MnO, rather than a consistent differ- 
ence in the two methods in separating FeO and MnO from the rest 
of the sample. The values by the iodine method are believed to be 
approximately correct for steels 4, 5, 6, and 8, but they are low for 
steels 1, 2,3, and 7. Consequently, if the electrolytic determinations 
of FeO and MnO are accurate, they should coincide with the iodine 
results for steels 4, 5, 6, and 8 and should be higher than the iodine 
results for steels 1, 2, 3, and 7. This is not the case; the electrolytic 
values are scatteringly higher than those by the iodine method by 
about the same amount for each steel. 

There is somewhat better agreement between results, by the two 
methods, for SiO, and Al,O;. However, even in these determina- 
tions there is a decided lack of concordance in results obtained by 
electrolytic methods. 
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The best agreement with the selected values for the iodine method 
was obtained with Scott’s electrolyte (cooperators 4 and 35). The 
procedure was varied, however, from the published description 
(table 2, cooperator 4), particularly in the treatment of the residue 
to remove sulphides, iron salts, and metallic particles prior to analysis, 
In one: modified method (cooperator 4) the residue was washed 
with KI solution, then with a 12-percent solution of CuSQ,.5H,0 
(previously neutralized with MgO), filtered, and the residue digested 
with 25-percent sodium citrate solution. It was then filtered, 
washed with 2-percent ammonium citrate solution and, thereafter, 
treated as described in the published article. In the other modified 
procedure (cooperator 35) the electrolysis was conducted at constant 
voltage (about 2 volts) and in a neutral atmosphere and, without 
removal from the neutral atmosphere, the residue was washed with 
5-percent sodium citrate and then with copper sulphate solution, 
It was rewashed with these reagents and then with hot 5-percent 
NaOH solution and finally with water. 

The results obtained by these two procedures are in excellent agree- 
ment in practically all of the determinations. The values for Al,0, 
and SiO, are invariably within or very near the range of the aqueous- 
iodine values; the results for MnO and FeO are in good agreement 
with those of the iodine method, except for high results in one case 
(cooperator 4) in the determination of MnO in steels 2 and 3. Other 
results obtained with Scott’s electrolyte for SiO, and Al,O; (coopera- 
tor 20) sometimes are higher than, but, in general, in good agreement 
with the above. It was suggested however (cooperator 20) that the 
results obtained for SiO, may be somewhat high on account of solu- 
bility of glass during the prolonged electrolysis, and it was also stated 
that the sulphides and phosphides of manganese were strongly decom- 
posed but the corresponding compounds of iron only partially i 
Scott’s electrolyte. Furthermore, the residue was observed often to 
contain appreciable amounts of fine-grained, undecomposed metallic 
ingredients. ‘The combined effect of these factors, according to coop- 
erator 20, was to yield erroneously high results for FeO and, to a less 
pronounced extent, for MnO. Comparison with the selected values 
by the aqueous-iodine method indicates that the error due to these 
factors is appreciable only in the determination of FeO; comparison 
with the values obtained by the modified procedures (cooperators 4 
and 35) indicates that the error even in the determination of FeO 
can be largely eliminated by a suitable purification treatment of the 
initial residue. 

Comparison of results obtained with Benedicks’ and with Scott’s 
electrolyte by the same analyst (cooperator 20) shows that consist- 
ently higher results for Al,O; and decidedly higher results for Si0; 
were obtained with Benedicks’ electrolyte; also that contamination 
by sulphides seems to have had somewhat less effect on the FeO, and 
more effect on the MnO, determinations than was the case when 
Scott’s electrolyte was used. 

The results obtained by the three cooperators who used Fitterers 
electrolyte vary considerably in some of the determinations of SiO; 
and Al,O, and in most of the determinations of MnO. The statement 
was made (cooperator 3) that previous work (unpublished) with ste 
containing 0.60 to 0.80 percent of carbon indicated that the annealing 
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temperature had a tremendous effect on the value obtained for silica. 
Accordingly, samples of the eight steels were run in the ‘‘as-received”’ 
condition and after annealing for at least 12 hours at 650° C. The 
data in table 13 show that this treatment affected the silica results 
for only two steels, 2 and 6, with carbon contents in excess of 0.4 per- 
cent; that the results for alumina were not appreciably affected; that 
the results for MnO were improved, by bringing them into better 
agreement with those obtained by other cooperators with samples 
that had not been heat treated. he opinion was expressed (coopera- 
tor 3) that “‘the electrolytic method must be considerably modified if 
steels above about 0.35 percent carbon are investigated. There is also 
the possibility that the results on lower carbon steels might be affected 
by the heat treatment.” 

‘Styri’s electrolyte was used for the determination of SiO, and Al,O, 
(cooperator 12) and also to observe the effect on these determinations 
of structural changes produced by quenching the samples from 1,100° 
Cin brine. The data indicate no marked effect on the results for 
silica and alumina. For the samples, as received, the determinations 
of silica yielded good results for five of the steels, high results for steels 
2 and 6, and somewhat low results for steel 5. Reasonable values for 
alumina likewise were obtained, except for steel 4. 

More data are needed to establish the accuracy of the electrolytic 
method. One of the items which should be studied further is the 
question of anodic oxidation. Cooperator 20 reported the formation 
of pentabromacetone at the anode during electrolysis and considered 
this a possible source of anodic oxidation of the sample. The good 
results obtained with improved methods of purification of the elec- 
trolytic residue prior to analysis (cooperators 4 and 35) serve to 
emphasize the need of further work of this kind. 


6. MISCELLANEOUS METHODS 


Three reports on the results of microscopic examination were sub- 
mitted; a ‘“‘cleanness rating” of the eight steels, based on an inclusion 
count according to Epstein’s method (cooperator 1); and two extended 
microscopic studies (cooperators 23 and 26). However, these have 
not been of particular value in the quantitative determination of the 
oxygen content of these steels. 

ew data are available on the oxide content of the eight steels, 
obtained by the mercuric-chloride, chlorine, fractional vacuum-fusion, 
nitric-acid, and hydrochloric-acid methods (table 14). In view of the 
limited number of data available for each of these methods, the most 
practical comparison is with the selected values for the iodine method, 
shown at the bottom of each section of table 14. 
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(a) MERCURIC-CHLORIDE METHOD 


In the mercuric-chloride method, the sample is subjected to the 
action of an aqueous solution of mercuric chloride, 120 g per liter, ip 
the absence of air, until the reaction, Fe+-2 HgCl,=FeCl,+2 Hg(), 
is complete. FeO and MnO remain in the insoluble residue. Com. 
pounds of manganese and iron with phosphorus, sulphur, and nitrogen 
are not decomposed quantitatively. The presence in the insoluble 
residue of these compounds, or of metallic particles from incomplete 
decomposition of the sample, leads to high results for FeO and MnO, 
The determination of SiO, and Al,O; is not attempted. 

The results for FeO of the two cooperators (20 and 25) using this 
method for the eight steels are consistently higher than those obtained 
by any other method. High contents of phosphorus and sulphu 
might account for the high values for FeO in steel 3, but the equally 
high values obtained for other steels, with lower phosphorus and 
nieier contents, indicate contamination of the residue by particles of 
metal. Contamination of the residue by phosphides and sulphides 
would produce high values for MnO as well as FeO; on the other hand, 
contamination by particles of metallic iron would produce high values 
for FeO but would not appreciably affect the determinations of MnO, 
The two sets of values for MnO are in good agreement, except for iron 
7 and, furthermore, are usually in agreement with the selected results 
by other methods. This indicates that the presence of metallic 
particles in the residue, from incomplete solution of the sample, isa 
more serious source of error than the presence of the phosphide and 
sulphide compounds in these eight steels. 


(b) CHLORINE METHOD 


In this method of analysis the sample is heated several hours ata 
moderate temperature in a stream of purified chlorine, whereby the 
metallic constituents are converted to chlorides, which are largely 
volatile under the conditions obtaining, whereas the oxide constit- 
uents are not attacked. These are then determined by suitable means 
in the residue from the chlorination treatment. 

Determinations of SiO,, Al,O;, and FeO were made on samples 
chlorinated at 350° C (cooperator 20) and at 500° C (cooperator 17). 
In addition, SiO, was determined on all the steels, and Al,O; on two 
of them, chlorinated at approximately 380° C (cooperator 15). 
MnO ae determined by one cooperator (17) on steels chlorinated at 
500° C. 

Approximately half of the results for SiO, are in good agreement 
with those by the iodine method, and those for Al,O, also in reasonable 
agreement, although occasional high and low values were obtained. 
The values for FeO obtained on samples chlorinated at 350° C (c0- 
operator 20) are consistently higher than those on samples chlorina' 
at 500° C (cooperator 17). The latter are consistently in hey: agree- 
ment with results by the iodine method. The high results for FeO 
after chlorination at 350° C suggest contamination of the residue @ 
this case by particles of undecomposed sample. Both cooperators 
reported low values for the FeO content of iron 7. Determinations0 
MnO by the chlorine method (cooperator 17) are not in consistent 
agreement with the results obtained by other methods. 
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(c) FRACTIONAL VACUUM-FUSION METHOD 


This modification of the vacuum-fusion method is based on the 
assumption that the oxides in a steel can be separated according to 
the temperatures necessary for their reduction. The FeO in a steel 
can be completely reduced at 1,050° C, whereas temperatures of 1,170, 
1,320, and 1,570° C, respectively, are necessary for the reduction of 
MnO, SiO, and Al,O;. The sample, to which tin has been added to 
lower the melting point, is maintained at each of these temperatures 
successively, and the amount of gas evolved at each is used to indicate 
the amount of one of the oxide constituents. 

Only one set of results (cooperator 24) is available. The results 
for SiO, and Al,O; are generally in good agreement with the selected 
values by the iodine method. For steels 7 and 8 somewhat high 
results for SiO, are compensated by low results for Al,O;, indicating 
faulty separation of the two fractions in these two determinations. 
The values for FeO obtained in the fractional vacuum-fusion method 
are in good agreement with, or somewhat lower than, the iodine 
results. The high value for FeO in iron 7 represents the sum of the 
FeO and MnO, as the two constituents were not separated in this 
determination. ‘The MnO values indicated by the fractional vacuum- 
fusion analyses are consistently higher, sometimes appreciably so, 
than the values obtained by other methods. These high values for 
MnO by the fractional vacuum-fusion method, particularly for steels 
1,2, and 3, perhaps explain the low recoveries of oxygen by the iodine 
method, as compared with the results by vacuum-fusion. However, 
determinations by one observer cannot be unreservedly accepted, 
according to the evidence of the data assembled in these cooperative 
analyses. Further information is needed to establish the accuracy of 
the fractional separations and the reproducibility of results by the 
fractional method in the hands of different operators. In the pre- 
vious discussion of the vacuum-fusion method, the values for total 
oxygen obtained by the fractional method were compared with the 
selected values for the regular vacuum-fusion method. For five of 
the eight steels the fractional method yielded satisfactory values for 
total oxygen, but for the other three steels high results were obtained. 


(d) NITRIC-ACID METHOD 


This method depends upon the solubility of metallic constituents 
and the relative insolubility of oxides, particularly alumina, in 
approximately 10-percent nitric acid. 

Values for Al,O, that are in excellent agreement with selected 
results by other methods were obtained by two cooperators (9 and 
13), but the determination of SiO, was less satisfactory, the results 
being too high, unless the hydrated silicic acid, formed during the 
solution of metallic silicides, was completely separated from the SiO, 
and silicate inclusions in the residue. On the other hand, low results 
for SiO, may be caused by partial solubility in the acid medium of 
some of the silicates that may occur in steel. Determinations of 
FeO and MnO by the nitric-acid method were made (cooperator 9) 
to illustrate the accepted belief that the method is not applicable to 
those determinations. The results demonstrate the almost complete 
she in nitric acid, of FeO and MnO as they exist in these 

steels, 
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(e) HYDROCHLORIC-ACID METHOD 


In this method diluted hydrochloric acid, approximately two vol- 
umes of water to one of concentrated acid, is employed to separate 
the metallic from the oxide constituents. SiO, and Al,O; are deter. 
mined in the insoluble residue, but the method is not applicable to 
the determination of FeO and MnO. 

The values for alumina by this method are in excellent agreement 
with those by the iodine method, but the determinations of SiQ,, as 
in the nitric-acid method, may be affected by the partial solubility 
of certain silicates or by the presence of hydrated silicic acid. The 
determinations of cooperator 35 for both SiO, and Al,O, are in excellent 
agreement with the selected values. 


III. AUTHORS’ COMMENTS AND CONCLUSIONS 


The first impression derived from a study of the data of these 
cooperative analyses usually is that the results as a whole ar 
decidedly unsatisfactory and indicate that none of the methods for 
determining oxygen or oxides is sufficiently accurate to conform to 
the requirements of modern metallurgical analysis. On the whole, 
however, the variation in results obtained in these cooperative 
determinations of oxides and oxygen is of about the same order of 
magnitude as is obtained in determinations of other elements, such 
as carbon, manganese, nickel, chromium, et cetera, when present in 
very small amounts. 

The results of the vacuum-fusion method are in better agreement 
among themselves than are those obtained by the aqueous-iodine 
method. However, in consideration of the data obtained by the 
latter method, further allowance should be made for the complicated 
procedure and the number of operations that must be performed in 
one analysis. The approximate magnitude of the best results by 
the vacuum-fusion method is clearly indicated by the data for each 
steel. Some of the selected values for the aqueous-iodine method 
likewise are clearly indicated by concordant results, but in other 
determinations the lack of concordant data introduces an element 
of uncertainty in the selection of best values. The upper and lower 
limits of the acceptable ranges, to include permissible variations from 
the selected values, represent the considered opinion of the reviewing 
committee. It is recognized that there may be differences in opinion 
as to the proper location of some of the acceptable ranges. Raising 
or lowering the range as a whole, by one or two thousandths of | 
percent, in several cases would appreciably affect the number of 
cooperators who obtained acceptable results by the vacuum-fusion 
method. 

The conclusions derived from detailed consideration of the coopera- 
tive data may be summarized, as follows: ; 

1. The vacuum-fusion method yields accurate results for all elf t 
of the steels, and the best results obtained by this method proba ly 
are close approximations of the true oxygen contents of each of the 
steels. Recommendations have been made in regard to the procedure 
and apparatus to be employed in order that the best results may be 
obtained. SiO, and Al,O,, as they occur in these steels, are completely 
reduced in the vacuum-fusion procedure; the error resulting from - 
terference of manganese, at least up to 1 percent of manganese, is not 
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so serious with the recommended form of apparatus as it was formerly 
considered to be. The chief cause of erratic results appears to be 
spattering of the sample, during melting or shortly thereafter. A 
convenient and reliable means of eliminating this source of error is 
not yet available. 

2. The aqueous-iodine method yields accurate results for aluminum- 
killed steels and for some silicon-killed steels but for others, especially 
steels of the rimming type, low results are obtained. The data for 
steels 1, 2, and 3, and to a lesser extent for iron 7, show clearly that the 
aqueous-iodine method cannot be relied upon for determining the total 
oxygen content of all steels. Part of the discrepancy may be due to 
some of the oxygen being present in the form of dissolved or entrained 

ases that are not recoverable by residue methods. Further efforts 

in standardization of the method, down to minute details of procedure, 
undoubtedly will result in improved agreement in the results obtained 
by different analysts. Further study of the determinations of FeO 
and MnO is particularly needed, and the need for greater accuracy 
in the chemical analysis of the small amounts of insoluble material 
obtained in the residue methods is to be emphasized. 

3. None of the other methods is represented by sufficiently con- 
cordant data to justify the drawing of definite conclusions. The 
hydrogen-reduction method yields results of the same order of magni- 
tude as the vacuum-fusion results, but further work to standardize 
the procedure of the hydrogen-reduction method is necessary. Like- 
wise, the results of the other residue methods are of the same order 
of magnitude as the results obtained by the aqueous-iodine method 
and are more accurate for the determination of Al,O, and SiO, than 
for FeO and MnO. Further standardization of the methods is de- 
sirable. 


The authors express their thanks and those of the sponsors, to all 
of the cooperating laboratories that have contributed analyses and 
information, and to Dr. Chipman and the reviewing committee for 
invaluable assistance in the critical review of the data. 


Wasuineton, December 23, 1936. 
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A NEW PHENOMENON IN THE SUPERCONDUCTING 
TRANSITION OF TANTALUM AND OF TIN 


By Francis B. Silsbee, Russell B. Scott, and Ferdinand G, Brickwedde 


ABSTRACT 


The transition from the superconducting to the normal resisting state under 
certain conditions is found not to be continuous but to include a hitherto un- 
suspected spontaneous increase in resistance followed by a slower decrease. The 
spontaneous decrease in resistance usually proceeds for several minutes in a suc- 
cession of steps until only a fraction of its crest value remains. This crest value 
of the transient resistance is sometimes 75 percent of the normal. After suchan 
effect has occurred, it will not occur again when the same conditions are re- 
established, unless, in the meantime, the temperature has been lowered or else a 
time interval of at least half an hour has elapsed. 

These spontaneous changes in resistance can be initiated by a step upward in 
temperature, in current, or in magnetic field and proceed thereafter, as described 
above, while all three external conditions are maintained constant. The com- 
bination of temperature, field, and current at which this phenomenon appears 
has been studied, and the progress of the resistance change under various con- 
ditions noted. The effect is pronounced only when the current is relatively large 
(about 2 amp in the tin wire, diameter 0.022 cm). 

The transition temperatures of two specimens of hard-drawn tantalum wire 
were found to be 3.961 and 4.068° K, respectively. The presence of a transverse 
ee field depressed the transition temperature at a rate of 1° K per 1,250 
oersteds. 
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I. INTRODUCTION 


In recent experiments at the National Bureau of Standards, in 
which currents of sufficiently large value have been caused to flow in 
wires of tantalum and of tin, while the temperature, external magnetic 
field, or current was gradually changed so that the material passed 
from the superconducting to the normal resisting state, it was found 
that there was a transient appearance of resistance which spontane- 
ously disappeared. As conditions were further changed the resistance 
made a second and permanent reappearance. For lack of a better 
term we here refer to this sudden and temporary increase of resistance 
followed by a decrease as an “overshoot.” It is the purpose of this 
Paper to describe these overshoots in some detail, and to set forth 
the conditions under which they were found to occur. a 
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When the tin specimen was caused to pass from the superconduct- 
ing to the normal resisting state by increasing the current, the value 
of the current required to produce the transition was such as to pro- 
duce at the surface of the wire a magnetic field which, of itself, in the 
absence of the current, would restore the resistance.! On the other 
hand, both of the tantalum specimens studied exhibited a further 
anomaly, in that the permanent restoration of resistance by a current 
in the specimen occurred at a value of current much smaller than 
would have been expected from the magnetic field normally required 
to restore resistance. A similar anomaly has been noted in several 
alloys ?* and has recently been reported in “fairly pure” tantalum 
by Mendelssohn and Moore.‘ The fact that the normal tin specimen 
shows the transient overshoot effect in similar fashion to the abnormal] 
tantalum would seem to indicate that the overshoot phenomenon is 
a general property of all superconductors and is not a peculiarity of 
the particular tantalum specimens in which we first observed it. 

In this work the temperatures were deduced from the vapor pres- 
sure of the liquid helium bath in which the specimens were immersed, 
The results have been reduced to the Leiden scale of absolute tem- 
peratures by using the vapor-pressure formula logiop=—3.024/T + 
2.208 logio V4 + 1.217 given in Leiden Communication no. 202, where 
p is the vapor pressure in centimeters of mercury and 7’ is the abso- 
lute temperature. The values have been carried out to the nearest 
0.001° K, because differences may be significant to this precision even 
if the absolute value of temperature is not. 

The term “resistance” is used merely to denote the quotient ob- 
tained by dividing the difference of potential at the terminals of the 
specimen by the (direct) current flowing in it, without intending to 
imply that Ohm’s law is obeyed. The difference of potential was 
observed directly by the deflection of a sensitive galvanometer con- 
nected to potential leads attached to the specimen near its ends. 
Suitable shunt and series resistors were used as needed to reduce the 
sensitivity of the galvanometer. Except where noted specially, the 
current through the specimen was not interrupted or reversed during 
the course of any one experiment. When necessary, small corrections 
for spurious thermoelectromotive forces were applied on the basis of 
the deflections observed when the current circuit of the specimen was 
open just before and just after an experiment. 


II. CHARACTERISTICS OF SPECIMENS 


Table 1 gives a summary of the more important characteristics of 
the three specimens examined. The tin wire was formed from an 
ingot of NBS “standard sample” material (99.99% pure) by extruding 
it at about 170° C through a steel die. The tantalum specimens were 
purchased in the form of hard-drawn wires from the Fansteel Co. 
in 1933. A spectrochemical analysis * of wire from the same spool 
as specimen 95 Ta indicated only small amounts (probably not over 
a few tenths percent) of Sn and Si and traces of Fe, Ca, Cl, and Cb. 
In view of this, the abnormally low transition temperatures and high 

1 This relation was suggested many years ago by one of the authors and has been confirmed by workers 
at Leiden for several Feat metals. See aa J. Franklin Inst. 261, 379 (1926). 

2 W. H. Keesom, Physica 2, 35 (1935). den Comm. No. 234f. 

3 Rjabinin seas (isa) Physik Z. Sowjet-Union 7, 122 (1935). 


4 Nature 1 ‘& 
5 This analysis was carried out by B. F. Scribner, to whom the authors are greatly indebted. 
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669? 


resistance ratio “‘r”’ of these specimens are more probably caused by 
internal strain rather than by impurities. 


TABLE 1.—Characteristics of specimens 





Specimen 





95 Ta 





Diameter of wire, cm . ; 0. 0075 
Zanes (APPEOK.}, CM... ---.-..-.----.------------ a - ee - 210 
Material of supporting tube . Glass 
Resistance at room temperature, R:, ohms 3 95.0 
Resistance at 4.2° K, Rn, ohms_.._........-- i ; 25.0 
r=Re/ Rt : * 0. 26 
Transition temp (R=R,/2, small J), °K 3. 73 * 3.961 
Transition range (0.1 Ra to 0.9 Ra), °K ; ; 0. 050 
Magnetic field per 1° K depression of the transition, oersteds 6_____- 1, 250 
Current per 1° K depression of the transition, observed, amp b 0.95 
Current per 1° K depression of the transition, calculated, amp ; 23. 4 














* Meissner, Z. Physik 61, 191 (1930), finds r=0.050 and 7'=4.38 for his purest sample. 
The effect of a transverse magnetic field in depressing the transition 


temperature was studied in some detail in 95 Ta with the results 
shown in figure 1, in which the resistance is plotted against magnetic 


i al a 
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Fiaure 1.—Variation with transverse magnetic field of the resistance. 


Variations are expressed as a fraction of the normal resistance above the transition range 
as measured with 1 ma (specimen 95 T'a) at various temperatures. 



































field for several different temperatures. These data show no measur- 
able hysteresis.- A single measurement on 10 Ta, incidental to other 
work, indicated that it had about the same dH/dT as 95 Ta. The 
tin sample showed hysteresis effects amounting to several oersteds.® 
In figure 2 the solid circles show the external transverse field for 
resistance at various temperatures, while the crosses show the 


Le 

ae accordance with the formal action of the International Electrotechnical Commission in 1930 and of 

mei nternational Union of Pure and Applied Physics, in 1932, we here use the name “‘oersted” for the cgs 
t of magnetic-field intensity in place of the name *‘gauss”’, which is still frequently used for both this 

unit and that of magnetic-flux density. 
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values ’ of 2J,/10 a, where a is the radius of the wire and J, is the 
specimen current in amperes just sufficient to permanently restor 
half resistance. The precision in locating these points is consider. 
ably lessened by the transient effects to be mentioned below. Their 
systematic deviation from the line showing the effect of the externa] 
transverse field may perhaps result from an error in the measurement 
of the wire diameter. The agreement between the two sets of points 
is on the whole fairly close and strongly suggests that in this specimen 
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Ficure 2.—Curve I shows the magnetic field at which specimen 10 Sn has one-half 
normal resistance, at various temperatures. 


Solid circles show transverse field caused by external coils. Crosses show circular field calculated from 
radius of wire and specimen current required to permanently restore half resistance. Curve JZis locus 
of principal overshoots. Open circles show field calculated from specimen current required to ini- 
tiate a principa! overshoot. Open triangles show sum of external and specimen-current fields required 
to initiate principal overshoot. 





the permanent restoration of resistance by the large currents is the 
result of the magnetic field which they produce. 

In the tantalum specimens the effect of current in permanently 
disturbing the superconduction is shown in table 1 and also in figure 12, 
by the difference in trend of curves J and V. A small current 1s 
obviously far more effective in disturbing the superconduction than 
would be expected from its magnetic field. : : 

The possibility that this abnormal sensitivity to current is a spurious 
result of a heating of the specimen above the temperature of the bath 

7? This quantity is of course the maximum intensity of the (circular) magnetic field produced hd or 


$ = — by the current itself, if the current is distributed uniformly over the area or around 
of the wire. 
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was carefully studied but finally dismissed. The fact that the bare 
wire is in intimate contact with the liquid helium, the fact that the 
width of the transition range is substantially the same at large and 
small currents, and the fact that the depression in transition tem- 

rature varies in proportion to the current rather than to its square, 
all conspire to render this explanation very improbable. 


III. NATURE OF OVERSHOOTS 


The curious nature of the overshoots can best be made clear by 
following the course of a particular experiment. With specimen 95 Ta 
immersed in a bath of liquid helium held at a constant temperature 
of 3.877° K, and with no external magnetic field (other than terres- 
trial), the resistance when measured with a current of 1 ma was 0.0026 
ohm. As the current was increased the potential difference increased 
at a still faster rate so that at 10 ma the resistance was 0.01 ohm; 
at 12 ma 0.024 ohm; and at 13 ma 0.059 ohm. After a few seconds, 
however, the resistance, with 13 ma still flowing, had decreased to 
0.051 ohm, at which value it became steady. This small spontaneous 
change in resistance may be called a aratindnary overshoot. As the 
current was further increased the resistance rose gradually so that 
at 16 ma it was 0.085 ohm and at 24 ma it was 0.20 ohm. However, 
when the rheostat in series with the specimen was adjusted so that 
the current increased to 25 ma, the galvanometer made a rapid 
excursion in a few seconds to a deflection which corresponded to a 
resistance of 17.0 ohms. As a result of this rise in resistance the 
current decreased to a minimum of 23.3 ma. The resistance began 
to fall again at once and in the course of a minute had decreased to 
4.0 ohms, and the current had correspondingly risen to 24.7 ma. This 
spontaneous change may be called the principal overshoot. Further 
gradual changes in the rheostat setting raised the current to 25.5 ma 
without stimulating another overshoot, and the specimen then showed 
a resistance of only 3.5 ohms. 

The current was then reduced to 15.6 ma and the resistance then 
found to be only 0.08 ohm. On again restoring the current to 25.5 ma, 
the resistance was only 0.11 ohm. Further increase in current showed 
0.12 ohm at 27.5 ma and 0.16 ohm at 31.0 ma. A few seconds after 
this last reading was obtained, the resistance of the specimen again 
rose spontaneously to a crest value of 10 ohms, from which it imme- 
diately decreased, at first rapidly and then more slowly and with 
evident pauses at 7.1 ohms and at 6.2 ohms, to an apparently steady 
value of 2.9 ohms. Overshoots occurring subsequent to the principal 
overshoot, such as this later spontaneous change, may be called 
secondary overshoots. 

The foregoing experiment involved an increase in specimen current 
at constant temperature and constant external magnetic field. Simi- 
lar overshoots occur if the temperature is increased at constant current 
and field or if the externally applied field is increased at constant 
current and temperature, provided the specimen current is sufficiently 
high. Figure 3 gives a transition curve for specimen 95 Ta in which 

€ temperature was varied. This curve does not happen to show 
any preliminary or secondary overshoots. 

en the procedure was reversed and the specimen passed from the 
hormal resisting to the superconducting state as a result of a decrease 
i temperature, field, or current, no abnormality was observed. 
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IV. MAGNITUDE AND SPEED OF OVERSHOOTS 


If the final increment which stimulates the overshoot is very slight, 
the rate of rise of resistance is so slow that it can be followed even by 
the galvanometer used in this work, which had an (undamped) 
natural period of 4 seconds, but which was used with a shunt of such 
low resistance as to make it considerably overdamped. 

If the variable is increased suddenly to a value considerably above 
the critical, both the increase and the initial stages of the decrease in 
resistance occur more rapidly, with the result that the maximum 
deflection of the galvanometer falls short of indicating the true max- 
mum value of resistance attained. The rate at which the current, 
field, or temperature is changed prior to reaching the critical value, 
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Figure 3.—Typical principal overshoot and transition obtained by varying tempera- 
ture of specimen 95 Ta. 























does not seem to affect the overshoot. Figure 4 shows the resistance: 
time relation for a number of overshoots observed in specimen 95 1a 
and figure 5 for an overshoot of the tin specimen 8Sn. The maximum 
resistances observed in 95 Ta were sometimes approximately equal to 
the full normal resistance of the specimen but have never been found 
to exceed this resistance, even when the suddenly applied current was 
nearly four times the minimum value required to start an overshoot. 
They are more usually 25 to 50 percent of the normal resistance. In 
the case of specimen 10 Ta, the magnitude of the principal overshoots 
was notably less than in the case of 95 Ta, being usually about 14 
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percent of the normal resistance. In 8 Sn, the resistance at the crest 
of the overshoot was about 50 percent of the normal resistance. 
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Figure 4.—Typical overshoots in specimen 95 Ta, after a current of the value 
marked on each curve has been suddenly applied. 
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Figure 5.—Typical overshoot in specimen 8 Sn while held at 3.425° K when current 
was raised to 1.9 amp. 


Figures 4 and 5 also show the definitely “stepped” character of both 


the increase (when it is slow enough to be observable) and the decrease 
In resistance. 
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V. PERSISTENCE OF RESISTANCE AFTER AN OVERSHOOT 


In many of our experiments there seemed to be a tendency for an 
excess of resistance to persist after an overshoot. In some cases 
(fig. 3) the resistance at a given temperature on further heating was 
more than on the subsequent cooling. This difference is of the wrong 
sign to be explained by saepeniians tes and we believe it is an instance 
of the “agen oe of resistance during the period of rising temperature 
after the principal overshoot. The presence of the steps shown in 
figures 4 and 5 may be another manifestation of this effect. This 
persistence is more marked with large specimen currents than with 
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FicuRE 6.—Typical overshoots observed in specimen 95 Ta as the temperature was 
increased while the specimen current was 50 ma. 
After each overshoot the specimen circuit was opened for 2 seconds and closed again. 


























small. Its presence to a small extent in many experiments has intro- 
duced constderable uncertainty into our attempt to determine the 
‘normal transition curve” at large currents. 


VI. SECONDARY OVERSHOOTS 


After an overshoot has occurred and the resistance has settled down 
to a nearly constant value, the variable which stimulated the princi 
overshoot may be further increased. If this increase is made in abrupt 
steps, each sudden increase in the independent variable (that 1s, 
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Ficure 7.—Typical principal and secondary overshoots observed in specimen 95 Ta 
as the external transverse magnetic field was increased while the current in the speci- 
men was 30 ma and the temperature was 3.832° K. 


The specimen circuit was left closed throughout the experiment. 
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Ficure 8.—Typical principal and secondary overshoots observed in specimen 95 Ta 
as the external transverse magnetic field was increased while the current in the speci- 
men was $0 ma and the temperature was 3.749° K. 


After each overshoot the specimen circuit was opened for 2 seconds and again closed. 
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specimen current or magnetic field, as the temperature could usually 
not be raised sufficiently quickly) will in general stimulate a new but 
smaller overshoot, the magnitude of which is greater, the greater the 
step. At times the first few small steps after a principal overshoot do 
not initiate noticeable new overshoots. 

Figures 6, 7, 8, and 9 show typical successions of secondary over- 
shoots following the principal overshoot in the course of the transition, 

The rise in resistance resulting from each step in current or field is 
followed by a spontaneous fall* of nearly equal magnitude so that the 
net change in resistance is slight until the independent variable has 
increased to a value which, on the normal transition curve, corresponds 
approximately to the resistance of the specimen. From this point on, 
each succeeding step in current or field produces more rise than fall, 
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SPECIMEN CURRENT I, MILLIAMPERES 
FiGuRE 9.—Secondary overshoots shown by specimen 95 Ta as the current in t was 
increased in small steps without opening the circuit, the temperature being 

3.894° K. 
4 The principal overshoot at 23.5 ma reached a crest of 18.1 ohms. 
with the result that the locus of the minimum value of resistance after 
each secondary overshoot approximates, but usually lies somewhat 
above, what may be considered the normal transition curve. 

If, after the resistance has steadied down following an overshoot, 
the current, field, or temperature is increased continuously but slowly, 
it would be expected from the foregoing that the resistance would 
remain constant until the variable reached the value on the normal 
transition curve corresponding to the resistance of the specimen an 
that then the resistance would follow the normal transition curve, 
just as was observed when the variation was made in small steps, tume 
being allowed for the resistance to become stable. If the variation 
s made so rapidly that time for recovery is not allowed, the resistance 

* This fall may in part bea further decrease in the resistance persisting from the — overshoot. on 


sum of the falls during a succession of secondary overshoots, however, often ex the resistance 
after the principal overshoot. 
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would be expected to rise as the current, field, or temperature is 
varied and the transition curve to lie above the normal curve but to 
approach it, as shown in figure 3. These expectations were borne out 
by the experiments. 

In table 2 are summarized the results of a number of experiments 
in which the increase of current, field, or temperature has been car- 
ried nearly to the value needed to restore normal resistance. The first 
four columns indicate the experimental conditions, the entry “‘var’’ 
indicating the variable which was increased during the experiment. 
In those marked circuit ‘‘opened”’ the current through the specimen 
was interrupted for about 2 seconds after each secondary overshoot. 
In those marked “‘closed”’ the circuit through the specimen was kept 
closed throughout the experiment. The column headed “percent 
total increase” gives the sum of all the increases in the resistance 
observed in the course of the experiment, to which has been added 
(when necessary) the differences between the full normal resistance 
and the resistance at the point where the experiment terminated, the 
total being expressed as a percentage of the normal resistance. It will 
be noted that the sum of the separate increases seems to approach a 
value double the normal resistance of the specimen and that while it 
falls somewhat short of this limit in many experiments, it exceeds it 
by a significant amount only in the two experiments marked with an 
asterisk, which will be discussed later, footnote 10. 


TABLE 2.-Summation of increases in resistance during transition 





increase increase 


eer Dust Field | Circuit |, Total |) Tempers: lourrent| Field | Circuit | ,, otal 


ture | 
| 
! 





SPECIMEN 95 Ta SPECIMEN 10 Ta 





Oer- Oer- 
steds amp | steds 


0 Nana ‘ var 0 
var 0. 200 0 
var ao & var 0 


0 
0 
0 





var 








i var 6.5 
0 a var 0 
0 . var 13 
. 030 var % var 0 
































* Current raised in 4 large steps. 
‘Current raised in 20 small steps. 


After a principal overshoot has once occurred, a moderate decrease 
of the current through the specimen will produce a very considerable 
decrease in the resistance, and in particular after the current circuit 
through the specimen has been opened for about 2 seconds and again 
closed, the resistance is found to be usually less than 0.5 percent of 
the full normal value and hence substantially equal to that before the 
overshoot occurred. Although the resistance is again the same the 
condition ‘hus produced in the specimen must however be different 
from that immediately preceding the principal overshoot because 
how no overshoot results when the current, magnetic field, or tem- 
Perature is restored to the value which stimulated the original over- 
shoot. Sufficient further increases in current, magnetic field, or 
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temperature will however initiate secondary overshoots. In some 
cases, figure 6, the value of resistance just prior to one of these second. 
ary overshoots has been found to be le than that estimated for the 
normal transition, as if the specimen was in an unstable state. 
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Ficure 10.—Interrupted overshoots in specimen 95 Ta in which the current was 
reduced from the initiating value to a lower value during part of the phenomenon 
and then restored, as indicated by the horizontal dimension lines. 


Temperature =3.886° K. 

Meissner ® also has reported a case in which on raising the tem 
perature the resistance remained abnormally low well into the transi- 
tion range. 

*Z. ges. Kalte-Ind. 41, 129 (1934). Physik Z. 87, 449 (1936). 
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VII. INTERRUPTED OVERSHOOTS 


A number of experiments were performed with specimen 95 Ta in 
which a slow overshoot was initiated by applying a current only 
slightly above the critical, and the overshoot process was then inter- 
rupted by suddently reducing the current to a lower value at some 
time before its completion. After an interval the original value of 
current was restored and the further change in resistance followed. 
Figure 10 shows the results. Similar results, not shown in the figure, 
were obtained in experiments in which the current in the specimen 
and the temperature were left unchanged, but in which the applied 
transverse magnetic field was removed quickly during the progress of 
an overshoot and then restored at a later time. It will be seen that 
the ability to produce an overshoot at the original current is not lost 
until the process has gone nearly to completion, and that the over- 
shooting process requires the continued presence of the condition which 
initiated it, if it is to complete itself. 

However, it was found that if the current was supplied by a bat- 
tery through a circuit having little resistance other than that of 
the specimen itself, the process went to completion in spite of the 
automatic decrease in current as the resistance of the specimen rose 
and the increase in current as the resistance fell. 


VIII. CONDITIONS FOR PRODUCING OVERSHOOTS 


If the three independent variables, temperature, field, and current, 
are plotted along three mutually perpendicular axes, the locus of com- 
binations of these variables at which a principal overshoot occurs will 
constitute a surface in three-dimensional space. This principal critical 
surface is fairly definite and reproducible and an overshoot will occur, 
with the exception noted below, if the state point representing the con- 
dition of the specimen is caused to move in any manner from the side 
corresponding to lower values of the variables to the other. The 
exception is that, as has been already pointed out, after a principal 
overshoot has taken place, if the state point is brought back through 
the critical surface by a reduction in current or magnetic field, which is 
then immediately increased again to its former value, a second over- 
shoot does not occur. A second overshoot at the principal critical 
surface will occur only if the specimen has been restored to the normal 
superconducting condition. 1t was found that a convenient normaliz- 
ing process was to lower the temperature by about 0.6° K. This, 
together with the time for raising the temperature again, lasted about 
5 minutes. Fresh principal overshoots were obtained after reducing 
the temperature only 0.07° K below that at which the preceding prin- 
cipal overshoot had occurred. This occupied only 3 minutes. If the 
temperature was left at the value at which the overshoot occurred and 
the specimen current was reduced to zero, it was found that the ability 
to again produce a principal overshoot developed rather slowly. In 
the case of 95 Ta an interval of 10 minutes sufficed to make possible a 
second principal overshoot of one-third the previous magnitude, and 
25 minutes one of one-half magnitude. 

Figure 11 shows for specimen 95 Ta the contours of this principal 
critical surface for several constant values of 7. Curve IV of figure 12 
8a contour for H=0. Curves J, JJ, and III, figure 12, show for 





308 Journal of Research of the National Bureau of Standards 
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Figure 11.—Contours of principal critical surface showing combinations of current 
and field at which overshoots occur for various fixed temperatures in specimen 95 Ta. 
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Figure 12.—Characteristics of specimen 95 Ta. 
nations of current and temperature for zero external 
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comparison the temperature-current relation for which 0.5, 0.2, and 
0.1 of the normal resistance appears. 

At low currents the overshoot locus lies at a temperature about 
0.05° K below the middle of the normal transition. At large currents 
there is a temperature depression which is definitely greater than that 
shown by the lines of constant resistance (J, JJ, JJ). The disturbing 
effects of the overshoots, however, prevent any very precise determina- 
tion of these latter lines. The observed resistance just before a prin- 
cipal overshoot starts was usually less than 1 percent of the full 
normal resistance. 

In specimen 95 Ta when a considerable magnetic field (100 oersteds) 
was present and the temperature was correspondingly low, the prin- 
cipal overshoot was smaller than at low fields, but the later secondary 
overshoots were larger and sometimes exceeded the principal overshoot. 
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CURRENT IN SPECIMEN IN MILLIAMPERES 


Ficure 13.—Curve I shows variation of resistance of specimen 95 Ta with current at 
constant temperature of 3.926° K. 

From a to b the resistance values are stable in time. From b toc the resistance drifts upward spontane- 
ously after each increase in current. From c tod the net drift is downward. Between 6 and d ordinates are 

: the values ofresistance. Rheostat setting was left unchanged from d to e, while the resistance decreased 

: Spontaneously. Curve JI shows the estimated position of normal transition curve. 

In specimen 10 Ta with large magnetic field, the resistance came in 
continuously to a very considerable extent before the overshoot, 
which, in these cases, involved a change of only about 14 percent of the 
full normal resistance. 

For currents of less than 18 ma and hence, if H=0, by curve IV, 
figure 12, at temperatures greater than 3.9° K, the overshoots in 
% Ta became less marked, though a tendency to slow drifts in 
Tesistance was observable down to 8 ma. Figure 13 shows the results 
of an experiment on 95 Ta at 3.926° K. The value of resistance ap- 
peared to be definite and free from spontaneous drifts up to currents 
ofabout 8 ma. For currents between 8 and 14 ma, each increase of 
current was followed by a drift upward in resistance which lasted for 
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several seconds and which seemed similar to the first stage of an 
overshoot but was not followed by a decrease in resistance. For 
currents greater than 14 ma, each increase in current was followed 
immediately by a drift downward in resistance, analogous to the later 
stage of an overshoot. At 20.8 ma the rheostat setting was left 
unchanged and a spontaneous decrease in resistance from 19.3 to 123 
ohms, which occupied about 1 minute, caused the current to increage 
to 24.1 ma. On decreasing the current to 20.8 ma again, the 
resistance was only 10 ohms. The dotted line shows our best estimate 
of the normal transition curve in this range. With 1 ma only, the 
normal transition along a reproducible S-shaped, resistance-tempera- 
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TEMPERATURE RELATIVE TO NORMAL TRANSITION-K 
Figure 14.—Comparisons of specimens 10 Ta (0.0127 cm diameter) and 95 Ta 


(0.0075 cm diameter) 


Ordinates show the value of 2J,/10a, where I is the current in the specimen and a its radius. Abscissas 
show the temperature in d.grees Kelvin as measured from the normal transition temperature of each 
specimen. Solid circles indicate conditions under which specimen 10 Ta permanently attained half 
its normal resistance. Curve J shows corresponding values for specimen 95 T'a (reproduced from curve! 
of fig. 12). Open circles indicate conditions under which overshoots occurred in specimen 10 Ta. Curve 
IV shows corresponding values for specimen 95 T'a (reproduced from curve IV of fig. 12). Curve JVa 
is obtained from curve /V by multiplying each ordinate of the former by 1.7 (the ratio of the diameter 
of 10 Ta to the diameter of 95 Ta). 


ture curve similar in shape to the resistance-field curves of figure 1, is 
observed. 

In the tin specimen the principal critical surface approximates & 
plane, and has the further property that, at a given temperature, the 
values of specimen current J, and external transverse field Hic, 
which in combination just produce the principal overshoot, obey 
the relation 2/,/10a+H,..:=constant. It is, therefore, possible to 
represent the relations among the variables in two dimensions, by 
plotting as ordinate the total field H=2/,/10a+H.2: against tem- 
perature. In figure 2 the values of total field at which the principal 
overshoot occurred are shown by open circles when the field was 
entirely caused by current in the specimen, and by open triangles 
when an external field and a considerable current were both present. 
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Measurements were made on specimen 10 Ta primarily for the 
purpose of finding the relation between the critical current for over- 
shoots and the radius of the specimen by a comparison with data on 
95 Ta. Unfortunately, the two tantalum wires seem to be somewhat 
different as is evidenced by the difference in their transition tem- 
peratures, which as measured in the absence of an applied field with 
very small currents, were 4.068 and 3.961° K, respectively. This 
difference may perhaps be the result of differences in internal strain 
in the two wires. A direct comparison of critical currents at the 
same temperature therefore appears meaningless and instead a com- 
parison has been made at equal depressions below the transition 
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EXTERNAL TRANSVERSE FIELD-OERSTEDS 

Ficurg 15.—Curves I- and II show the combinations of the circular magnetic 

field caused by the specimen current and the external transverse magnetic field at 


which overshoots occur in specimen 10 Ta (0.0127 cm diameter) at two fixed tem- 
peratures. 


The dotted curves show similar data for specimen 95 T'a (0.0075 cm diameter) reproduced from figure 11. 
The values of A 7 are the differences between the temperatures at which the overshoot occurred and 
the temperature at which R=R,/2 for small currents. 


temperatures, as observed with small currents. The comparison is 

own in figures 14 and 15, in which the ordinates are the values of 
21,/10a. In figure 14, which gives the data in which no external 
magnetic field (other than terrestrial) was applied, the open circles 
show the values of 2J,/10a at which 10 Ta showed its principal over- 
shoot, while the solid circles show the values at which half its normal 
tesistance had been permanently developed. Curve J is a repro- 
duction of curve J ol feure 12 but with its ordinates expressed in 
terms of magnetic field, to show the half-resistance curve for 95 Ta. 








The agreement of curve J with the solid circles strongly suggests that 
the permanent attainment of resistance in the two wires of different 
diameter is connected with the magnetic field produced at the surface 
by the current. Curve JV is similarly a reproduction of curve JV 
of figure 12 showing the overshoot locus of 95 Ta, and obviously fails 
to agree with the open circles. However, if the ordinates of curve JV 
are multiplied by the ratio (1.7) of the diameter of 10 Ta to that of 
95 Ta, curve [Va results. The agreement of JVa with the open 
circles indicates that in the two specimens of different diameter at a 
given temperature interval below their normal transition, the principal 
overshoot is stimulated when the apparent current density (that is, 
current in specimen divided by area of cross section) is the same. 

The data obtained on 10 Ta in the presence of a transverse external 
magnetic field are shown in figure 15. Curves J and JJ are drawn 
through the open circles, which indicate the combination of external 
field and of 2/,/10a at which overshoots occurred with the specimen 
at the two temperatures indicated. The dotted curves give corre- 
sponding data for specimen 95 Ta and are reproductions, with the 
ordinates expressed in terms of the magnetic field caused by the 
currents, of three of the curves of figure 11. Here AT’ is the differ- 
ence between the temperatures at which the overshoot occurs and that 
at which R=R,/2 for small currents. It will be noted that at the 
higher fields and smaller currents, the curves for the two specimens 
fall more or less into a single family arranged in the order of the 
magnitude of AJ. As zero field is approached this correlation 
based on magnetic effect (H=2J/,/10a) breaks down and approaches 
one based on apparent current density (J,/2a?), as has been indicated 
previously in figure 14. 


IX. DISCUSSION 


It will be seen from the foregoing sections that the most striking 
result of these experiments is that under certain conditions the transi- 
tion from the superconducting to the normal state does not proceed 
in a monotonic or continuous fashion but by a discontinuous and 
apparently complex process. The fact that a time element is in- 
volved in this process may also be of significance. 

The fact that this overshoot effect has not been reported previously 
is perhaps attributable to the circumstance that in most experiments 
with superconducting wires, the current used to measure the resistance 
of the specimen has not been sufficiently large. 

We may consider (as is very probable) that various parts of these 
polycrystalline specimens are not exactly equally favorably situated 
for exhibiting superconduction, and hence reach their thresholds for 
overshoots, as well as for the normal transition, at slightly different 
temperatures, fields, or currents. The overshoot phenomena may 
then be conveniently described in a self-consistent fashion by con- 
sidering that in going from the superconducting to the normal resist- 
ing state, under the conditions which produce overshoots, the material 
passes successively through three distinct stages. tees 

As temperature, field, or current is raised before the principal over- 
shoot is reached, the bulk of the material is in the superconducting 
state, stage A. The specimen, as a whole, then has a small but 
measurable resistance. At the beginning of the principal overshoot, 
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conditions became such that for part at least of the specimen stage 
A is no longer stable, and this part passes to stage B. This stage 
which each part of the specimen passes through at the crest of its 
overshoot, is characterized by a relatively high resistance and a tend- 
ency to pass over spontaneously into a new state also of zero resist- 
ance, stage C. Stage C differs from stage A in the important respect 
that in 1t the overshoot phenomenon can not be initiated. The 
progress from B to C takes place more slowly than that from A to B. 

The subsequent overshoots then correspond to the transitions of 
other portions of the specimen which remained in stage A during the 
preceding overshoots. On this basis, there is no fundamental differ- 
ence in the mechanism of the principal and the other overshoots. 

If the current is interrupted before all the material which would 
otherwise be involved in a single overshoot has reached stage B, some 
of it will be still in stage A and be ready to start a new overshoot 
when the current is again established. On the other hand, if all the 
material has reached stage B, an interruption of the current will not 
be followed by an overshoot but merely by further progress from B 
to C. 
Since the specimen has been considered to be somewhat inhomoge- 
neous, the production of a large overshoot by a small step in tempera- 
ture, field, or current, suggests strongly that the passage of a part of 
the specimen from stage A to stage B propagates itself to adjacent 
parts which were nearly but not quite past their stability limits. This 
view that the phenomenon propagates itself is also consistent with 
the observation that a fast overshoot results from a large step beyond 
the critical frequency which can throw a larger number of centers 
beyond their limit of stability, while only a slow response is obtained 
from a small step which can stimulate only a much smaller number 
of centers from which the disturbance must be propagated over greater 
a. Also a large step may well directly speed the propagation 
rate (fig. 4). 

The view that different parts of the specimen reach their thresh- 
olds at slightly different temperatures, fields, or currents, implies that 
the resistance shown by the specimen before a principal overshoot is 
caused by the existence of sections which have already reached the 
normal resisting state, in series with other sections still superconduct- 
ing. This preliminary resistance was particularly large in the case of 
specimen 10 Ta when in a magnetic field. Only those sections of 
the wire which are still in the superconducting stage A are supposed 
to be capable of exhibiting the overshoot phenomenon. In these sec- 
tions it is to be presumed that by reason of the Meissner effect, the 
current is distributed in a thin layer around the outer surface of the 
wire, 

_ Ifeach portion of the specimen as it reaches stage B has temporarily 
its normal resistance, it would be expected that the sum of all the 
ihereases of resistance in these experiments would amount to double 


" The 4th and 5th experiments on specimen 95 Ta listed in table 2 seem to be exceptions to this. In the 
ith experiment, the decrease in resistance following a third overshoot at 80 ma was abnormally great suggest- 
ing that the (manual) control of the bath temperature may have been unable to adjust for the sudden fluc- 
tuations in heat supply and allowed a temporary drop in temperature permitting some of the material to 
teturn to stage A. In the 5th experiment the increases in current were small with the result that the principal 
5 pot Was very slow and that 13 successive secondary overshoots were recorded. The circuit was opened 

2 seconds after each overshoot to permit stage C to be more fully attained, and it may be that the long 
_— of the experiment permitted some of the material to pass back to stage A and go through the process 
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the normal resistance of the specimen, since the changes from A to B, 
as well as those from C, to the normal resisting state will be included, 
If, however, the external conditions are advanced rapidly, there js 
not time for the change from B to C to proceed to completion, and 
the sum of the increases in such an experiment is less than double the 
normal resistance. 

After the completion of an overshoot the specimen has, in general, 
about as low a resistance as before it occurred, so that we may again 
expect that it contains sections of normally resisting material in series 
with sections of zero resistance, the former being the same as those 
existing previous to the overshoot and hence having been unaffected 
by it. The zero-resistance sections, however, are obviously different 
from the corresponding sections in stage A since they have lost the 
ability to overshoot at the originally critical conditions. It would 
seem possible that the distinction may be in a fundamental difference 
in the distribution of current over the cross section of the wire in the 
two stages. In stage A this distribution must (on the basis of the 
Meissner effect) be confined to the surface of the wire. In contrast 
to this the zero-resistance sections of the specimens in stage C may 
be thought of as a combination, in parallel, of normal resisting material 
and of superconducting filaments or laminas, as has been suggested 
by Gorter and other theoretical workers in a different connection. 
Such a more nearly uniform distribution of current over the cross 
section of the wire might well bring into service particularly favorabl 
situated portions which had been inactive in the regime of stage Zz 
It must be recognized, however, that this regime suggested as a possi- 
bility for stage C could not persist unless there is a sufficient range of 
threshold conditions to permit some of the outer portions to remain 
superconducting in spite of the somewhat increased magnetic field 
resulting from the new current distribution. 

The propagation through the specimen of an initial disturbance may 
be reasonably explained as follows: when one volume element un- 
favorably situated for superconduction and located at the surface is 
subjected to a magnetic field and temperature which exceed its thres- 
hold it becomes resisting. The flow lines of current in avoiding this 
spot will necessarily be somewhat bent, with a corresponding local 
increase in magnetic field in adjacent volume elements; these, unless 
they possess abnormally high thresholds will in turn become resisting 
and increase the initial disturbance, as is required for propagation. 
With small currents the additional local field resulting from a given 
distortion of the flow lines will be small and the propagation of the 
disturbance will be readily checked by a chance group of favorably 
situated volume elements. This is in accord with the observation 
that a considerable current is requisite for the production of overshoots. 

The recent experiments of de Haas and Guinau" on the penetration 
of magnetic field into a superconducting tin sphere show very definitely 
a complete breaking-down of one regime of macroscopic currents into 
a distinctly different system. It would seem that this process may 
be rather closely analogous to the overshoot phenomenon. 


WASHINGTON, January 8, 1937. 
tt Physica 8, 182 and 534 (1936). 
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OPTICAL ROTATION AND ATOMIC DIMENSION FOR THE 
FOUR OPTICALLY ACTIVE 1-HALOGENO-2-METHYLBU- 
TANES ? 





By Dirk H. Brauns 


ABSTRACT 


The pure optically active 1-fluoro-, chloro-, bromo-, and iodo-derivatives of 
2-methylbutane have been prepared and values of their optical rotation, specific 
gravity, refractive index, and boiling point at various pressures, determined. A 
classification of their active forms is made, and on this basis the numerical relation 
of the differences of molecular rotations of these compounds (CI-F), (Br-Cl), and 
(I-Br) is 41:18.1:21.6, which is in substantial agreement with the numerical 
relation for the differences of the respective atomic radii of the neutral halogen 
atoms (41:16:21). 
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I. INTRODUCTION 


It has been established in the writer’s previous investigations on 
this subject ? that certain halogen derivatives may be divided into 
two classes. Those compounds which compose the first class have the 
halogen directly attached to an asymmetric carbon atom and differ 
only in having one halogen replaced by another. For these substances 
the differences of their specific rotations (CI-F), (Br-Cl), and (I-Br) 
have the numerical relation 41:17:21, which agrees with the numerical 
elation 41:16:21, for the differences in atomic radii of the respective 
neutral halogen atoms. Those in the other class have the halogen 
atom attached indirectly (by a chain of atoms) to the asymmetric 


! This article is the tenth contribution to a series on optical rotation and atomic dimension. The ninth 
_— published in BS J. Research 7, 573 (1931) RP358 


article, J. Am. Chem. Soc. 47, 1285 (1925); ninth article, BS J. Research 7, 573 (1931) RP358. 
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carbon atom. For these latter substances the differences of their 
molecular rotations have a numerical relation which likewise agrees 
with that for the differences in atomic radii of the respective non- 
ionized halogen atoms. All the investigated compounds were carbo- 
hydrate derivatives which contain several asymmetric carbon atoms, 
so it was found desirable to prepare the halogen derivatives of two 
active amyl alcohols, 2-methylbutanol-1 and methylpropylcarbinol, 
for testing the above regularities, as these compounds are simple ip 
structure and contain only one asymmetric carbon atom. The present 
paper reports the results obtained with the halogen derivatives of 
2-methylbutanol-1, where the halogens are indirectly attached to the 
asymmetric carbon. 


II. EXPERIMENTAL PART 


1. PREPARATION OF PURE COMPOUNDS 
(a) -ROTATORY-2-METHYLBUTANOL-1 


Since the beginning of the investigation of van’t Hoff and Le 
Bel’s postulate, as well as of Guye’s hypothesis, derivatives of this 
alcohol have served for testing these theories. In the early days the 
active alcohol was prepared from fusel oil. This old, historical 
method has not been replaced by a better one, as the modern syn- 
thetic way for preparing active 2-methylbutanol-1 by the resolution 
of the racemic compound, obtained by the Grignard method, gives 
poor results.’ 

For separating the active amyl alcohol from the isoamy] alcohol, 
3-methylbvtanol-1, with which it is mixed in the fusel oil, Le Bel 
devised a method which has been applied by most investigators, 
although the final products were not more than about 85 percent pure, 
as was proved later by Marckwald and McKenzie,‘ who first obtained 
the alcohol in pure condition. Le Bel*® found that the isoamyl 
alcohol was more easily converted to the chloride than 2-methyl- 
butanol-1, and applied this observation for purification in the follow- 
ing manner: The fusel oil was saturated with hydrochloric acid and 
boiled under reflux or heated in sealed tubes for partially converting 
the mixture of the alcohols to chlorides, and finally fractionated for 
obtaining the unattacked alcohol. By repeating this process a fairly 
pure active amyl alcohol could be obtained, although the yield 
diminished appreciably by each treatment. Marckwald and co- 
workers*® prepared the pure active 2-methylbutanol-1, and made 
several derivatives of it. Marckwald and McKenzie prepared the 
alcohol from beet-molasses fusel oil, which contains more active 
amyl alcohol (48 to 50 percent) than that from other usval sources 
(13 to 22 percent). The concentration was brought to 80 percent 
by the Le Bel method, and the pure, active 2-methylbutanol-1 ob- 
tained by recrystallization of the 3-nitrophtalic ester to constant 
melting point, followed by saponification and distillation. From the 
active amyl alcohol present in the fusel oil before treatment with 
Le Bel’s process, Marckwald separated 5 percent in this way as pure 
alcohol. Klages and Sautter,? who repeated Marckwald and 


* von Falkenhausen, Biochem. Z. 242, 472 (1931). 
4 Ber. deut. chem. Ges. 34, 485 (1901). 
§ Bul. assn. chim. [2] 21, 542 (1874); [2] 25, 545 (1876). 
¢ Ber. deut. chem. Ges. 34, 479, 487 (1901); 35, 1595, 1602 (1902); 87, 1038 (1904); 42, 1583 (1909). 
’ Ber. deut. chem. Ges. 37, 649 (1904). 
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McKenzie’s method and checked their data, obtained only 2 percent 
of the original active alcohol in the pure form. The Pasteur process ® 
for making active 2-methylbutanol-1, which is based on the recrystal- 
lization of the barium amylsulfate, was also studied by Marckwald, 
but the yield is not better and Marckwald recommended the first- 
mentioned method. 

For the present investigation it was found desirable to have a larger 
amount (at least 1 liter) of pure active 2-methylbutanol-1 available 
for studying different methods for obtaining the pure optically active 
chloro-, bromo-, and iodo-derivatives, and further for preparing, if 

ssible, the active fluoro-derivative. A large amount of pure optically 
active 2-methylbutanol-1 was obtained in the following way: One- 
hundred liters of fusel oil was prepared by the Rossville Co., Laurence- 
burg, Ind., from cane sugar molasses which contained the largest pos- 
sible amount of beet sugar molasses (beet sugar molasses alone cannot 
be fully fermented). This fusel oil was distilled from a steam-heated, 
tin-lined, copper fractionating still and gave 70 liters of amy] alcohol, 
asample of which, in a 2-dm tube, gave the rotation, a= —4.0 circular 
degrees (the pure optically active 2-methylbutanol-1 gives, in a 2-dm 
tube, e=—9.6 circular degrees). This alcohol was put through the 
Le Bel process as described above, using borosilicate glass tubes in 
the beginning, and later, as some of the tubes cracked, a steel, glass- 
lined autoclave. ‘Twenty-four liters of amyl alcohol having a=—5.4 
circular degrees (2 dm) was obtained. A second treatment gave 8 
liters having a=—6.3 circular degrees (2 dm). <A third milder treat- 
ment gave 1.75 liters of amyl alcohol having a=—8.8; 1 liter having 
a=—8.3; and 2 liters having a=—7.3, all in circular degrees, for a 
2-dm tube. The satisfactory increase by the last treatment is due more 
toa careful fractionation than to chemical purification, thus indicating 
that the pure alcohol may be obtained by fractionation only. If this 
active amyl alcohol had to be prepared again, fractionation only 
would be applied. Industrial as well as laboratory fractional distilla- 
tion has been materially improved in recent years, and this method of 
fractionation now gives far better results than were possible at the 
time of Le Bel, or even of Marckwald. High efficiency of separation 
is needed because the boiling point of isoamyl alcohol (131°) is not 
far from that of 2-methylbutanol-1 (128.9°). 

The fractionating column (see fig. 1a), made of borosilicate glass, 
has an inside diameter of 15 mm, a length of 1.5 m, and, for thermal 
insulation, it is surrounded by a sealed-in high-vacuum jacket, integral 
with it, which is wound with asbestos cord. The column has three 


sharp dents at the bottom, supporting the filling of soft glass tubing 
(5 mm outside diameter, 1 mm wall thickness, and 6 to 8 mm long). 
The column is sealed at the lower end to a round flask of 500 ml 
pacity provided with a side tube for filling, in which is ground a 


cal 

tube drawn out at one end to a capillary and at the other sealed to a 
stopcock which is connected with a drying apparatus for supplying 
dry air to prevent bumping of the boiling liquid. The distilling flask, 
Which is also insulated with asbestos nj may be cleaned by heating 
with some distillate, which can be siphoned off. through the side tube. 
The upper part of the fractionating column consists of a tube 15 mm 
in eter with ground stopper from which a short thermometer is 
suspended. The lower part (160 mm) of this upper section is jacketed 


es 
‘Compt. rend. 41, 296 (1873). 
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and may be cooled by blowing air through the jacket. However, this 
was not found necessary, as more conservation of heat was required, 
which was obtained by proper insulation. The lower half of this upper 
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Figure 1.—(a) Fractionating apparatus for methylbutanol-1 ; (b) fractionating appa 
ratus for the halogen derivatives; (c) boiling-point apparatus; (d) double flask; (@) 
volatilizing apparatus for combustion; (f) picnometer; (g) steel tube for Parr bomb. 


section, which is slightly constricted at the bottom, is filled with pieces 


é 


of soft glass tubing. This constricted part is connected by an inner 
seal into the upper part of the fractionating column, thus allowing the 
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observation of the rate of reflux. Above the jacket is a side tube 
provided with a ground joint for connection with the condenser, which 
in turn is connected by ground joints to the receiver and the spiral 
tube. The spiral tube cooled by ice water prevents the loss of distillate 
by evaporation in the vacuum. The manipulation of a stopcock 
ermits changing of receivers without materially disturbing the vacuum 
inthe column. All joints are accurately ground, no lubricant being 
used. The distillation pressure was maintained with a fluctuation of 
not more than 0.5 mm by a device described by H. L. Cox. Some 
improvements were introduced as follows (see fig. 1): The glass tubes 
of the manostat were situated closer together so that a sliding rule 
between the tubes can be accurately read for obtaining the pressure; 
and further, the electric current passing through the manostat-manom- 
eter was obtained by reducing the 110-volt current to the proper 
value by an arrangement shown in figure 1 (a). A Hyvac oil vacuum 
ump was used. 

The flask was heated by an electric heater constructed in the fol- 
lowing way: A hemisphere of asbestos paper, made by using the next 
larger size round flask as a mold around which the wet mass of paper 
was built up and gradually loosened by a thin pliable spatula, was 
placed in a rectangular box of transite board, containing a circle of 
no, 20 nichrome wire, of triangular spiral cross section. This spiral 
was placed around the hemisphere of asbestos paper inside the box 
somewhat below the largest diameter by fastening to two binding posts 
near each other outside the box. The flask used for the molding was 
now clamped in place inside the asbestos hemisphere and the space 
between the transite walls and the asbestos paper filled with the proper 
mixture of water and plaster of paris and allowed to dry. The diam- 
eter of the inside hemisphere is about 11 cm, the width of the transite 
box 17 cm, and the height 9 cm. A hole 5 cm in diameter was then 
made in the center of the bottom of the box and also the plaster of 
paris beneath that hole carefully removed, leaving the asbestos lining 
intact. The beater was then wired on a ring clamp of suitable size 
by which it could be easily kept in place for heating the fractionating 
flask. The advantage of this heater is that bumping is minimized, 
as the heat energy is delivered nearer to the surface than to the bottom 
of the flask, which is kept comparatively cool. A substantially con- 
stant input of electrical energy, obtained from a storage battery, was 
used in order to secure a slow fractionation at constant rate (about 
10 drops per minute). For collecting the so-called “hold-up” of the 
column at the end of a fractionation, which is especially desirable when 
small amounts are fractionated, as in the last fractions of the halogen 
derivatives, it is only necessary to apply suddenly a higher vacuum 
a igi the heater after the quick delivery of the distillate has 
stopped. 

Two of the fractionating stills were constructed and could be oper- 
ated simultaneously at the same pressure, using the one pressure- 
regulating system. The efficiency of these distillation columns, 
operating at a pressure of 150 mm of Hg, is indicated by the following 
figures, which give the optical rotation in a 2-dm tube, of middle frac- 
tions, corresponding to 50 percent of the charge, obtained from suc- 
cessive distillations: (1) —6.9° to —8.3°; (2) —8.3° to —8.8°; (3) —8.8° 
to —9.2°; (4) —9.2° to —9.3°; (5) —9.3° to —9.4°; (6)}—9.4°%to —9.5°; 

"Ind, Eng. Chem., Anal. Ed. 1, 7 (1929). 
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and (7) —9.5°. After many series of such fractions there was ob. 
tained 1.35 kg of 2-methyl-butanol-1 having an optical rotation of 
—9.5° in a 2-dm tube. 

The purity of our preparation of 1,350 g, based on Marckwald and 
McKenzie’s value (see table 1) is about 98 percent. As the impurity 
is an optically inactive substance, our preparation seemed a sufficiently 
= starting product for preparing the pure active halogen derivatives, 

his conclusion was further substantiated by the close agreement of 
the values obtained by Marckwald (and also by Klages and Sautter) 
for their active iodine derivative with the value obtained for the 
iodine derivative in this investigation. 


(b) lL-ROTATORY-1-FLUORO-2-METHYLBUTANE 


The method of Moissan ” and of Moissan and Meslans " for pre. 
paring the fluoro derivatives of the aliphatic alcohols by the action of 
silver fluoride on the iodine derivatives of the alcohols is used at 
the present time, with minor modifications. By his method Moissan 
prepared methyl, ethyl, propyl, ahd isobutyl fluorides. Paterné 
and Spallino ” found that sec-hexy] fluoride and normal octyl fluoride 
can be prepared by the action of silver fluosilicate on the respective 
iodine derivatives, and they observed that the fluoro derivative of the 
secondary alcohol is liable to split off hydrofluoric acid, forming 
hexylene. Swarts “ prepared the fluorides of primary and secondary 
heptyl and octyl alcohol by the action of silver fluoride or mercurous 
fluoride on the iodo- or bromo-derivatives of the alcohols, and con- 
firmed the observation of the Italian authors regarding the instability 
of the fluorides of the secondary alcohols. Further, Swarts tried to 
prepare a fluoride of fermentation amy] alcohol (mixture of 2-methyl- 
butanol-1 and 3-methylbutanol-1) by the action of silver fluoride 
or mercurous fluoride on the iodo-derivative of fermentation amyl 
alcohol. The results were not satisfactory, as the impure fluorine 
compound partly decomposed on further fractionation, yielding small 
amounts of amylene. These results of Swarts were not encores 
although the possibility existed that the fluoro derivative of 3-methy 
butanol-1 was the unstable compound, whereas the fluoro derivative 
of 2-methylbutanol-1 could be stable. After several methods of 
fluorination had been tried out, it was found that the method of 
fluorination with silver fluoride, as given by Helferich and Gootz," 
gave good results. They obtained £-fluorotetraacetylglucose b 
shaking at room temperature a-bromotetraacetylglucose wi 
silver fluoride, using acetonitrile as a solvent in hich silver fluoride 
is appreciably soluble. This modification of the fluorination with 
silver fluoride was successfully applied in the present investigation, 
as pure active ducts Sencihaibatias could be prepared. The 
method was used as follows: Commercial silver fluoride '* was broken 
up in a mortar and thoroughly dried in a platinum dish in a vacuum 
desiccator over sodium hydroxide. Commercial acetonitrile was 
tilled a few times over phosphorus pentoxide and fractionated 
(boiling point, 83° C). As a platinum and a gold-palladium still- 
body of about 450 ml capacity each, and a gold-palladium receiver 

1% Compt. rend. 107, 261 (1888). 

11 Compt. rend. 107, 1155 (1888). 

13 Gaz. chim. Ital. 3711, 309 (1907). 

w Bul. acad. roy. Bele. 612, 438 (iaz)). 


i Ber. deut. chem. Ges. 62B, 2505 (1929). 
1 E. de Haen, Seelze (Hanover), Germany. 
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of about 300 ml were available, the procedure had to be repeated 
once for obtaining a sufficient amount of 1-fluoro-2-methylbutane. 
The amounts given below were worked up in one still-body. 

Sixty g (49.5 ml) of pure d-rotatory-1-bromo-2-methylbutane (see 
below) with 60 g of silver fluoride and 240 ml of acetonitrile were 
shaken for 1 month at room temperature in a still-body, which was 
tightly closed with a rubber stopper. Every 3 days 1 g of silver fluoride 
was added, and every 7 days the rotation of the liquid was determined 
by filtering a small amount and making a reading with a tube 0.25 dm 
in length, the rotation remaining about the same after 3 weeks of shak- 
ing. After the shaking the liquid was allowed to stand undisturbed 
for 24 hours (reaction of the dissolved silver fluoride) and only the 
clear liquid was carefully decanted on a folded filter, keeping containers 
and funnel covered as much as possible, as the fluorine derivative is 
easily volatilized. The filtrate is distilled from a flask heated on a 
water bath, using a wide capillary and thermometer. The condenser 
and the ground-on receiver are cooled with ice water. The distillate 
up to 80° was collected and kept in a well-stoppered bottle. The resi- 
due in the flask was added to the wet residues in the platinum and 
palladium-gold containers, some acetonitrile added, and after 1 hour of 
shaking again allowed to settle and then decanted, distilling the filtrate 
as before. The two distillates were fractionated in small borosilicate 
glass fractionating columns until a constant-rotating material was 
obtained. 

The smallest fractionating apparatus is constructed as follows (see 
fig. 16): A flask 50 ml in capacity is sealed to a jacketed column with 
an inside diameter of 10 mm and a length of 350 mm, the jacket being 
evacuated. The flask has a side neck with ground-in capillary tube 
provided with a small stopcock for regulating the dry air current. The 
column tube is extended above the jacketed part to a length of about 
250 mm in which the thermometer is suspended from a ground stopper. 
Parallel to this thermoi..ster tube is the dephlegmator consisting of a 
tube 8 mm in diameter which is surrounded by a jacket 170 mm long 
for cooling with water or air. The dephlegmator is sealed at its lower 
end inside a wider tube, which, in turn, is sealed to the thermometer 
tube, thus allowing observation of the rate of reflux. At its upper end 
(where it is supported with a sealed-in glass rod by the thermometer 
tube) the dephlegmator is connected by a ground joint to the con- 
denser. The filling consists of spiral rings made according to Wilson, 
Parker, and Laughlin.’ The larger fractionating apparatus is con- 
structed as follows: A flask 200 a in capacity is sealed to a jacketed 
column, which has an inside diameter of 15 mm and is 500 mm in 
length. The apparatus is further constructed as described for the 
smaller one, the same filling being used. The ground connections of both 
columns fit into the ground part of the same condenser, which is, in 
turn, connected by ground joints to two test tube-shaped receivers in 
series, cooled by ice water contained in Thermos bottles, providing in 
this way facilities for vacuum fractionation, which is especially neces- 
sary for the bromo- and iodo-derivatives. 

The fractionation of the fluoro-derivative is performed at ordinary 
Pressure, cooling the condenser and receivers with ice water and heat- 
ing with a small gas flame, the flask resting on an asbestos plate and 
surrounded by an asbestos box. By slow fractionation the liquid can 


“J, Am. Chem. Soc. 55, 2795 (1933). 
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be separated in five parts, namely, first a small amount of low-boiling 
liquid having little optical activity, then three parts having increasing 
optical activity, and finally a residue of high-boiling impurities, 
Separate fractionations are then performed for the three main parts, 
the apparatus being always thoroughly cleaned and dried between 
distillations. Six fractionations had to be performed until a substance 
substantially homogeneous in boiling point and optical rotation was 
obtained. Many more fractionations were required for purifying the 
less pure fractions. <A yield of the pure compound of 30 percent of the 
theory can be obtained. No further change in the recorded rotation 
could be observed by further fractionation. It will be noted that no 
chemical treatment is applied for obtaining the pure compound, which 
can be distilled without any decomposition. 

Special methods had to be found for determining the fluorine, 
carbon, and hydrogen content of 1-fluoro-2-methylbutane, as this 
compound is very volatile. 

The method used for determining fluorine is a combination of the 
one devised by Hahn and Reid ” (who applied the Parr bomb for 
fluorine determinations) and that of Ost as applied by Helferich and 
Gootz,'* who determined the fluorine by the loss of weight of a watch 
glass by etching. A specially constructed weighing tube made of 
steel is necessary (see fig. 1g). The tube is 25 mm high, has an inside 
diameter of 7 mm, a wall thickness of 1 mm, and has a well-fitted 
stopper. The flat bottom has a diameter of 15 mm, so as to make more 
difficult its upsetting. The description of a determination is as 
follows: 0.3 g of starch is carefully mixed with 15 g of sodium peroxide 
and kept in a closed bottle. The sample, 0.0813 g of 1-fluoro- 
2-methylbutane, is weighed off in the steel weighing tube and placed 
in the Parr bomb. The weighed sodium peroxide mixture is then 
added and the bomb closed. Without shaking, the bomb is ignited 
by a blast flame and kept hot for a few minutes, and then thoroughly 
cooled by running water for at least i0 minutes. The contents of the 
bomb are dissolved in water, filtered, neutralized with 10-percent 
hydrochloric acid, and made alkaline witb sodium carbonate solution, 
as described by Hahn and Reid. The solution is concentrated by 
hanging the borosilicate glass beaker in the steam bath by means of a 
closely fitting copper ring, filtered from the silicic acid, the filtrate con- 
centrated in the same manner to 100 ml, and 10 ml of 20-percent 
calcium chloride added drop by drop to the hot solution. The mix- 
ture is heated almost to boiling, making the precipitate graauiar, and 
cooled. The precipitate is filtered on a filter 7 cm in diameter. It 
is not necessary to wash the precipitate, and some of the precipitate 
may be left in the beaker. The filter with contents is dried and most 
of the contents shaken into the beaker, and the filter with the adhering 
precipitate is ashed in a platinum crucible. The crucible is rinsed with 
about 1.5 ml of glacial acetic acid and the solution stirred into the 
beaker, and 10 ml of water is used for cleaning the crucible and gradv- 
ally added, with stirring, to the contents of the beaker. The contents 
of the beaker are evaporated by hanging the beaker in the steam 
bath, some water is added, and the evaporation repeated to remove 
all acetic acid. Five ml of water is added, the beaker is cooled and 
filtered on a filter 5.5 cm in diameter, using the filtrate over and over 


17J, Am. Chem. Soc. 46, 1652 (1924). 
18 Ber. deut. chem. Ges. 62B, 2502 (1929). 
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again in order to bring all the precipitate of calcium fluoride on the 
filter. A few milliliters of water may be used in addition, but the 
precipitate is not washed. ‘The filter is dried and ashed in a platinum 
crucible, which is fairly deep and has a sturdy, straight rim. Two 
watch glasses are weighed on an analytical balance and a few drops of 
75-percent sulphuric acid are added to the contents of the crucible, 
which is directly covered with a tared watch glass. The crucible is 
heated in a sand bath for 2.5 hours at 150° C and then for a half hour 
at 200° C. The crucible is taken from the sand bath, cooled, the 
watch glass replaced by the second one, and the crucible again heated 
for a half hour at 200° C. The loss in weight of the cleaned watch 
glasses was found to be 0.0141+0.0003=0.0144 g. A loss in weight 
of 0.00085 g corresponds to 0.001 g of fluorine. Fluorine found: 
20.84 percent; theory: 21.09 percent. 

In order to determine the carbon and hydrogen, the 1-fluoro-2- 
methylbutane was weighed into a specially constructed volatilizer (see 
fig. le) made of borosilicate glass. The rubber stopper of the combus- 
tion tube, having two holes of small diameter, is connected through 
one small tube directly to the dry oxygen and air supply; through the 
other hole the small tube of the volatilizer is introduced and the cork 
thoroughly fastened. The U-tube of the volatilizer is cooled in a 
beaker of ice water and cracked ice in order to prevent spreading of 
the volatile substance, and only at the end of the combustion is the ice 
water removed and heat applied to displace all the substance. With 
this arrangement the rate of delivery of vapor introduced into the 
combustion tube is easily controlled by regulating the oxygen stream 
through the volatilizer. Oxygen can also be introduced directly into 
the combustion tube through a by-pass. In the beginning combus- 
tions were made in a copper tube cooled at the end by copper spirals 
with running water for protecting the stoppers, the tube being filled 
with copper oxide and lead oxide (Moissan method)” or with the copper 
tube filled with copper oxide and lead chromate.” Both methods, 
however, were found unsatisfactory on account of the volatility of 
copper fluoride. Good results were obtained with a borosilicate glass 
tube filled with lead chromate and silver gauze, copper and copper 
compounds being excluded.” 

The results of these analyses are: mass of substance, 0.1637 g; COs, 
0.4009 g; H,O, 0.1789¢. Calculated for C;sHy,F: C, 66.60; H, 12.31. 
Found: C, 66.79; H, 12.23. 


(c) d-ROTATORY-1-CHLORO-2-METHYLBUTANE 


The method of Le Bel for obtaining the chloro-derivative by heating 
a saturated solution of hydrochloric acid in active 2-methylbutanol-1 
In sealed tubes at 100° C and further purifying by washing with water 
and sulphuric acid and sodium carbonate solution and finally frac- 
tionating, has been used by several investigators. The products 
obtained by these investigators were not pure, probably on account of 
Inadequate fractionation. This is essentially apparent for the prod- 
uct of Hardin and Sikorsky, who used only one distillation and one 
2 Behl tet illarskee ‘Ber deut. chem. Ges. 62, 3035 (1929) 
a Wallach = Heusler, Liebigs Ann. Chem. 3 43 ¢ F 


. 243, i 
"Le Bel, Bul. assn. chim. [2] 21, 542 (1874); [2 545 (1876). Guye, Bul. soc. chim. [3] 25, 547 (1901). 
Hardin and Sikorsky, J. ak, phys 6 aor ae . ins = 
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fractionation and obtained a purity of 82 percent (taking a purity of 


100 percent for the preparation of McKenzie and Clough, which is § 


identical with the preparation obtained in this investigation). 

In the preparation by Le Bel’s process, the following procedurg 
was used in the present investigation: 150 g of 98-percent /-rotatory. 
2-methylbutanol-1 was saturated at 0° C with hydrochloric acid and 
heated in sealed tubes in a steam bath for 5 hours. The reaction 
product was washed with water, dried with sodium sulphate, and 
fractionated in the fractionating columns used for the preparation of 
the active fluoro-derivative. By repeated fractionation, about 20 
— of the theoretical amount of pure active 1-chloro-2-methyl. 

utane was separated and about 50 percent of active amyl alcohol 
recovered. 

In the preparation by McKenzie and Clough’s method * the fol. 
lowing procedure was used: 20 g (24.5 ml) of 98-percent /-rotatory-2. 
methylbutanol-1 was gradually dropped from a burette in the course 
of a half hour through a condenser into a round flask, which contained 
50 g (30 ml) of pure thionyl chloride. The flask was cooled in a dish 
with cracked ice. After addition of the 2-methylbutanol the mixture 
was kept at room temperature for 1 hour and then distilled in a vacuum 
of about 500-mm pressure, using a water pump and cooling the con- 
denser and receiver with ice water. Fractionation gave about 28 
of dextrorotatory amyl chlorosulphinate with the properties descri 
by McKenzie and Clough. In repeating the preparation several 
times with the double amount, the yield was somewhat diminished. 
The active amyl chlorosulphinate was converted to active amyl 
chloride according to McKenzie and Clough by refluxing for 2 hours 
at 120° C from an oil bath and fractionating the residue with the 
500-mm column at ordinary pressure, cooling with ice water. The 
fractions with largest optical rotation were further fractionated, 
yielding a final product which did not change in boiling point or optical 
rotation upon subsequent fractionation and which was found to be 
identical in properties with the active amy] chloride by Le Bel’s process, 


(d) d-ROTATORY-1-BROMO-2-METHYLBUTANE 


By the action of hydrobromic acid on pure /-rotatory-2-methyl- 
butanol-1, Marckwald obtained a product which, on purification with 
sulphuric acid and fractionation, gave an active bromo-derivative 
with a specific rotation of [a]?=+3.68. Hardin and Sikorsky,™ who 
started from 2-methylbutanol-1 of 92 to 95 percent purity (taking 
Marckwald’s preparation as 100 percent), obtained, by the same Are 
cedure, for the bromo-derivative, [a]??=+3.8. Later Marckwald® 
applied the action of phosphorus tribromide on 2-methylbutanol-l of 
95 percent purity, net» using the same method of purification, obtained 
for the specific rotation of the bromo-derivative, [a]j/=+4.06. 
Marckwald remarked that on account of the presence of 5-percent 
isoamyl alcohol (which is inactive) in the starting material, the 
specific rotation of the pure bromo-derivative must be +4.05+6 
X0.04)=+4.25. In the light of recent results the validity of this 
correction of Marckwald is questionable, as the impure bromo 
derivative is treated with sulphuric acid, which besides eliminatt 
the unchanged alcohol, may act also on the isoamyl bromide, whi 
is less stable than the 2-methylbutanol derivative (see results of 


#% J, Chem. Soc. 103, 698 (1913). ™ J. chim. phys. 6, 207 (1908). % Ber. deut. chem. Ges. 42, 1583 (1909). 
% J. chim. phys. 6, 207 (1908). 
% Ber. deut. . 42, 1583 (1909). 
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Swarts on isoamyl fluoride). Further, the fractionation may also 
separate the different bromo-derivatives. Experimental evidence 
given below shows that both methods of bromination yield a product 
of identical specific rotation, which value agrees with the highest one 
actually found by Marckwald (+ 4.05). 

In the preparation by the hydrobromic acid method the following 
procedure was employed: A special so-called double flask ** (see 
fig. 1d), which can be used for saturating a liquid with a gas, as well 
as for drying a gas, was used for preparing the bromo- and iodo- 
derivatives. 60g (73 ml) of 98-percent l-rotatory-2-methylbutanol-1 
was cooled in ice in a double flask, which was connected at one end 
with a drying tube filled with asbestos and dry sodium sulphate, and 
connected at the other end with the hydrobromic acid generator. 
After saturation of the alcohol with hydrobromic acid, the double 
flask was connected with a reflux condenser having a drying tube at 
the upper end, and heated for 2% hours in a water bath at 95° C, with 
a slow stream of hydrobromic acid passing through the liquid. The 
reaction product was cooled and separated from the watery layer in 
a separatory funnel, shaken two times with ice water, filtered clear 
through a dry filter, cooled in a dry separatory funnel, and shaken 
twice with about 8 ml of sulphuric acid which had been cooled with 
ice and salt, then with ice water, then with cold 10-percent sodium 
carbonate solution, and finally with ice water until a neutral prepara- 
tion was obtained. Most of the water was removed by pouring the 
preparation from a dry Erlenmeyer flask. It was finally dried over 
potassium carbonate, and fractionated at 150-mm pressure, the con- 
denser being cooled with ice water. The yield of the constant-boiling 
and rotating substance is about 70 percent of the theoretical. The 

reparation was repeated several times with slight variations but gave 
identical final products with properties recorded below. 

In the preparation by the phosphorus tribromide method the 
following procedure was used: 80 g (28 ml) of phosphorus tribromide 
was slowly dropped through a condenser into 40 g (49 ml) of 98-per- 
cent l-rotatory-2-methylbutanol-1 contained in a flask cooled by ice. 
The condenser was sealed to the flask. A few ‘“‘boiling’”’ stones of 
unglazed porcelain were added. The mixture was allowed to stand 
overnight, the condenser being connected with an inverted calcium 
chloride tube. The next morning the flask was heated for about 
10 minutes on the steam bath, the liquid turning turbid when the 
reaction started. The reaction product was cooled in ice and salt 
and poured on ice in a beaker which was cooled in an ice and salt 
mixture. The reaction product was separated from the watery layer 
in a separatory funnel and further purified as described for the method 
with hydrobromic acid. The preparation was repeated a few times, 
yielding identical final products. 


(e) d-ROTATORY-1-IODO-2-METHYLBUTANE 


This compound has been prepared by Klages and Sautter” and 
also by Marckwald,* applying the method of Just,” namely, heating 
saturated solution of hydriodic acid in pure active anetiglbotienb 
at 100° C, purifying with cold dilute potassium hydroxide solution 
and ice water, drying over potassium carbonate, and fractionating. 
ois This device is not new, as it was used many years ago in a physical laboratory at Amsterdam. The 

T Bete of this flask is that the liquid cannot be sucked into the gas generator by change of pressure. 


. deut. chem. Ges. 37, 649 (1904). % Ber. deut. chem. Ges. 37, 1038 (1904). 
™ Liebigs Ann. Chem. 220, 149 (1883). . 
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The specific rotation found by these authors is identical with that 
found in the present investigation. It was found, as described below, 
that the iodo-compound can be prepared by heating at 60 to 65° C, 
instead of 100°. 

In the present investigation the following procedure was used: 40 g 
(49 ml) of 98-percent /-rotatory-2-methylbutanol-1 was cooled in ice 
in a double flask (see under 1-bromo-2-methylbutane), which was 
connected at one end with a drying tube filled with asbestos and dry 
sodium sulphate and connected at the other end to the hydriodic 
acid generator. After saturation of the active alcohol with pure d 
hydriodic acid at 0°, the flask was heated in a water bath for 1 hour 
at 60 to 65° C, with a slow stream of hydriodic acid passing through 
the liquid. The reaction product was cooled and separated from the 
top watery layer in a separatory funnel, shaken once with 10 ml of 
ice water, then with 15 ml of cold 10-percent sodium hydroxide solu- 
tion until acidity was removed, and finally with ice water until a 
neutral preparation was obtained. Most of the water was removed 
by pouring the preparation from a dry Erlenmeyer flask. It was 
finally dried over potassium carbonate, and fractionated at 50-mm 
pressure, the condenser and receiver being cooled with ice water. The 

ield of the “constantly boiling” and “constantly rotating” substance 
is about 65 percent. 


2. PROPERTIES OF PURE COMPOUNDS 
(a) OPTICAL ROTATION 


The optical rotation was determined with a polariscope with circular 
scale and double-field Lippich polarizer. Jacketed glass polariscope 
tubes were used, which were checked for the recorded length. For 
each pure compound investigated, the rotation was determined for 
the two wave lengths, 5892.5 and 5461 A, on the circular-scale 
polariscope, using spectrally purified light from an electric sodium 
lamp and an electric mercury lamp, respectively. A third determina- 
tion was made, using the same sample and tube with the Bates 
saccharimeter, and using white light and a bichromate filter, which 
gives an effective wave length of about 5850 A. These data are 
given in table 1, together with values reported by Marckwald and 
McKenzie,® McKenzie and Clough,” and Klenes and Sautter.* The 
data of the many other investigators who prepared optically active 
2-methylbutanol-1 and its derivatives are not included because their 
compounds were very impure. 


(b) SPECIFIC GRAVITY 


No concordant results were obtained with picnometers in which the 
liquid is in contact with ground joints. Picnometers of 5 and 10 ml 
capacity, with ground caps were constructed and served well for the 
purpose (see fig. 1). The liquid level was conveniently adjusted by 
the use of strips of hardened filter paper, and the loss of liquid by 
evaporation was prevented by the cap. The picnometer was filled 
and emptied by using a pipette with a capillary stem. The specific 
gravity was determined with the picnometer at 20° C, and a formula 
applied for obtaining the specific gravity at 20°/4° in vacuo. These 
data, together with those of some earlier investigators, are given I 
table 1. 

* Compt. rend. 41, 296 (1873). 


% Ber. deut. chem. Ges. 37, 649 (1904). 
% Compt. rend. 107, 1155 (1888). 


TABLE 1.—Optical rotation, specific gravity, and refraction of 1-halegeno-2-methylbuianes 
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(c) REFRACTIVE INDEX 


The values of refractive index were determined with an Abbe re. 
fractometer at 20° C. These data, together with calculated values 
of the molecular refraction, are given in table 1. 


(d) BOILING POINTS AT VARIOUS PRESSURES 


A Cottrell-Washburn boiling-point apparatus * was used with some 
modifications (see fig. 1c): The withdrawal tube was omitted. The 
boiling tube is sealed to the condenser and is constricted at the bottom, 
This constricted part is 60 mm long and 15 mm in diameter and hasa 
flat bottom. The upper part of the boiling tube is 200 mm long and 
is 40 mm in diameter. The glass sheath, which is ground into the 
boiling tube, has at its top, just above the ground connection, a groufid 
stopper with an eye from which a short accurately standardized 
thermometer, graduated in 0.2° C intervals, is suspended by a platinum 
wire. The glass sheath, 28 mm in diameter, extends slightly above the 
constriction of the boiling tube, and has a hole 6 mm in diameter at 
the height at which the condenser is sealed on. The pumping tubes, 
3 mm in diameter, are attached from their top to the inside of the 
sheath, the holes being about 28 mm above the end of the sheath and 
about 10 mm apart. The pumping tube is widened at its lower end 
to a funnel 8 mm wide extending to near the bottom of the boilin 
tube. Inverted melting-point tubes or small pieces of unglaz 
porcelain were used for preventing bumping. These modifications 
allowed the use of small amounts of liquid for the determination, 
For low pressures the reflux condenser was cooled with ice water, which 
could be kept running without a pump by slowly siphoning water 
through the condenser from the bottom of a large crock filled with big 
chunks of ice, which was kept filled at a constant level by tap water. 
The pressure of the boiling liquid was maintained within fluctuations 
of about 0.1 mm of Hg by increasing the volume at constant pressure 
to about 5 liters. Calibration corrections were applied to the ther- 
mometer readings. The values of the boiling points correspond to the 
given pressures in terms of millimeters of Hg at 0° C and standard 
gravity (g=980.665). The results are compiled in table 2, and shown 
graphically in figure 2. 


TABLE 2.—Boiling points 





l-Rotatory-2- | /-Rotatory-1- | d-Rotatory-1- | d-Rotatory-1- | d-Rotatory-l- 
Pressure metbylbu- fluoro-2- chloro-2- bromo-2- iodo-2 
tanol-1 methylbutane}methylbutane|methylbutane| methylbutane 





° 
Q 


mm of Hg 


#8 =SS5N 




















« Atmospheric pressure, observed. 
+ Values calculated to normal boiling point. 
* Decomposed. 


% J. Am. Chem. Soc. 41, 730 (1919). 
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III. DISCUSSION OF RESULTS 


The similar procedure used for preparing the chlorine, bromine, and 
jodine derivatives makes it very probable that these derivatives are 
of the same configurational form, whether or not a Walden inversion 
is involved in their preparation. It is immaterial for our present 
purpose whether this form fits into any particular scheme of classifica- 
tion as a d-form or as an /-form, and it will be noticed that we have 
described the compounds as d-rotatory. In the case of the fluorine 
compound, however, it is not certain whether the negatively rotating 
form must be classified with the other halogen derivatives which are 
positively rotating (possibility 1) or whether the positively rotating 
form must be taken (possibility 2). 


TaBie 3.—Comparison of the numerical relation (CI-F):(Br—Cl): (I-Br) of the molec- 
ular rotations of 1—-halogeno—2—methylbutanes for 5892.5 A and for 5461 Aat 20° C 
with the numerical relation of the atomic-radit differences between the respective 
halogens 
Explanation of table.—The values given in column 5 have been obtained by multiplying the values of 


column 3 by a factor, which will reduce the first value to 41. This value has been chosen in order to conform 
to the values given in column 4 for the numerical relation between the differences of neutral atomic radii. 





1 2 3 4 5 





Relation of the | Reduced rela- 
Molecular rota-| Differences be- | differences be- | tion of the dif- 
tion in circular | tween molec- | tween atomic ferences be- 
degrees ular rotations | radii in ang- {tweenmolecular 
stroms rotations 





For d 892.5 A: 
—799. 1_._.- 
+179.0__..- 
+610. 1..... 

+1124. 7_..-- 


196.8 
710. 8..... 
+1312. 0....- 

















In table 3 the first possibility is tested for the atomic-dimension 
relationship and it will be seen that the numerical relationship of 
(Cl-F):(Br—-Cl):(I-Br) of the molecular rotations is 41:18.1:21.6 for 
5892.5 A, and 41:18.5:21.6 for 5461 A, which agrees well with the 
numerical relationship of the successive differences in the radii of the 
neutral halogen atoms, 41:16:21. These differences (CI-F), (Br—Cl), 
and (I-Br) are obtained by averaging the ratio of the differences in the 
radii given by van Arkel and de Boer and the ratio of the differences 
derived from the values given by Goldschmidt.** Probably the numer- 
ical relationship of these differences of atomic radii is most accurately 
represented by 41:17.1:21.4, as suggested by the author,® which 
shows even a closer agreement with the observed numerical relation- 
ship. It is further noteworthy that in spite of the very different values 


of the rotations for the two wave lengths, the ratio of their differences 
is the same. 


* BS J. Research 7, 573 (1931) RP 358. 
J. Am. Chem. Soe. 47, 1285 (1925); BS J. Research 7, 573 (1931) RP358, 


123125—37-——_6 
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For the second possibility no apparent regularity is obtained (if 
the positively rotating fluorine derivative is included). This will be 
observed from the rotations given which, with the positively rotating 
fluorine derivative, show first a decrease and then an increase in value 
for both the specific and the molecular rotation. Thus the above 
reasoning classifies the positively rotating chlorine, bromine, and 
iodine derivatives with the negatively rotating fluorine derivative, 
This appears strange. However, we arrive at the same conclusion by 
taking into consideration that it is very improbable that in any of the 
reactions used for preparing the halides a Walden inversion is involved, 
as the reactions take place at inactive carbon atom, and tempera- 
tures (at most 100°) are applied for which no racemization of the 
alcohol or the halides can be observed.** Further, it is obvious from 
these data that the differences in weight of the four groups attached 
to the asymmetric carbon atom (Guye’s hypothesis) cannot be used 
for correlating the rotations in both possibilities, as theory would 
require for the differences in rotation (CI—F):(Br—Cl):(I-Br) the 
proportionality 16.5:44.4:47.0. This differs greatly from the observed 
data. 

The reduced differences in the boiling points at the same pressure 
of the (Br-Cl) and (I-Br) derivatives have a numerical relationship 
which agrees with that for the differences in atomic radii of the respec- 
tive neutral atoms, whereas a deviation for the (CI-F) difference 
exists. In table 4 the reduced ratio for one pressure is given, the ratio 
for other pressures being substantially the same. This behavior is 
not unexpected, as such restricted relationship has been pointed out 
and discussed by the author for the elements F, Cl, Br, and I ina 


former publication.* 


TaBLE 4.—Comparison of boiling points at equal pressure of 1—halogeno—2-methyl- 
butanes with the differences in the atomic radii of halogens 


The values given in column 3 have been obtained by multiplying the values of column 2 by a factor, which 
will reduce the second value to 16. This value has been chosen in order to conform to the values given in 
column 4 for the numerical relation between the differences in the radii of neutral atoms (Br-Cl):(I-Br), 
16:21. There is a deviation of the (CI-F) value. Closer agreement is obtained by comparing with the 
numerical relation of the atomic radii as observed by the author (J. Am. Chem. Soc. 47, 1280 (1925)) 41:17.1: 
21.4, the reduced numerical relation of the boiling-point differences for 150 mm Hg then being 35.8:17.1:218, 








Numerical relation be- | Reduced numericalre- | Numerical relation be 
tween boiling-point lation between boil- tween differences in 
differences ~ int differences radii of neutral atoms 

(CI-F):(Br-Cl):(I-Br) | (Cl- }(Br-Cl):(-Br) (Cl-F):(Br-Cl):(I-Br) 





mm of Hg 
39.0:18.6:23.7 33.5:16:20.4 41:16:21 














3% Marchwald and Nolda (Ber. deut. chem. ges. 42, 1591 (1909) Spresionting He possibility of a Walden 


inversion also came to the conclusion that the negatively rotating 2-methyl butanol-1 and the positively 
rotating bromine and iodine derivatives are of the same configuration. The writer does not agree however, 
with Seapets and Nolda’s generalisation that a racemic influence is due to silver salts, This will be 
discussed in a later paper. 

37 NBS J. Research 17, 337 (1936) RP915. The same regularity holds for the molecular refractivities and 
the cube roots of the molecular volumes according to Kopp. 
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Ficure 2.—Boiling-point curves for l-rotatory-2-methylbutanol-1 and its halides. 


IV. CONCLUSIONS 


The results of this investigation show that the differences in the 
molecular rotations (CI-F), (Br—Cl), and (I-Br) of the four pure active 
halogeno-2—methylbutanes have the numerical relation 41:18:21.6 
(for ) 5892.5 A, as well as for \ 5461 A), which agrees well with the 
numerical relation 41:16:21 for the differences in the radii of the 
respective neutral atoms. As the halogens of these simple compounds 
are attached indirectly (by a chain of atoms) to the asymmetric carbon, 
these results support the rule proposed by the author ®* for this class of 
compounds for the more complicated carbohydrate derivatives. 

The other crucial test for that part of the regularity which applies to 
halogen derivatives in which the halogen is directly attached to the 
asymmetric carbon, and contains only one asymmetric carbon atom, 
and which involves the specific rotation, will be given in a forthcoming 
publication. 


















































WasuincTon, January 18, 1937. 
%J, Am. Chem. Soc. 47, 1285 (1925). 
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SIMPLIFIED VOLUMETRIC DETERMINATION OF ALPHA, 
BETA, AND GAMMA CELLULOSE IN PULPS AND PAPERS 


By Herbert F. Launer 


ABSTRACT 


A relatively rapid and simple method for the determination of alpha, beta, 
and gamma cellulose is described. The method ordinarily employs a 0.3-g sample, 
which need not be weighed accurately, but a 0.03-g sample also gives fair results. 
Neither ash nor moisture determinations are involved, in fact, no precision weigh- 
ings are made. The cellulose is oxidized by potassium dichromate solution, the 
strength of which need not be known accurately, as the concentrations of the 
oxidimetric solutions do not enter into the calculations. The volumetric results 
are in good agreement with those of a gravimetric method, and are as reproducible, 
for widely different materials. The actual working time for four complete deter- 
minations is 1% to 2% hours. Fundamental facts recently found concerning the 
separation of the cellulose fractions have been incorporated in the method. A 
calculation based upon the volumetric and gravimetric data for alpha cellulose 
indicates that the pentosans in the pulps studied are distributed among the alkali- 
soluble and alkali-insoluble fractions in approximately the same ratio as cellulose. 
It was also found that the amount of beta cellulose which precipitates is dependent 
upon the temperature, and that the separation should be made without heating 
the acidified filtrate. 


CONTENTS 


2. Treatment of alpha cellulose 
3. Treatment of the filtrate 
(a) Beta plus gamma portion 
(b) Gamma portion 
Ill. Treatment of the values obtained 
1. Calculation of the percentages of alpha, beta, and gamma cellulose_. 337 
2. Calculation of the total cellulose content of the sample 
IV. _ rimental results and discussion 


I. INTRODUCTION 


Cellulose consists analytically of three fractions, alpha, beta, and 


gamma, which terms have been defined frequently in the litera- 
ture, 1234567 


‘Jentgen, also Bubeck. See Schwalbe, Papier-Fabr. 26, 196 (1928), for these and further references. 
Research 6, 


‘Burton and Rasch, BS J. 603 (April 1931) RP295. See also TAPPI tentative standard 
Tm, Alpha Cellulose in Paper, also T203m, Alpha Cellulose in Pulp. 
Ritter, Ind. Eng. Chem., Anal. Ed. 1, 52-4 ak 
Bray and Andrews, Ind. Eng. Chem., 15, 377 (1 ». See discussion also in Hawley and Wise, The 
of 144-148 (Chemical ee ane” New York, N. Y.) 


Wood, p. 
\ Lewis and Browzing, Peper Trade J. 97, 39 ( . 
PY Methods used at the U. 8. Forest . Lab., Compiled by Bray, Paper Trade J. 82, no. 25, 63-4 (Dec. 
"Porrvik, Papier-Fabr. 26, 81 (1928). 
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The alpha fraction is the cellulose which can be filtered from a mix. 
ture consisting of sodium hydroxide solution and the material bei 
analyzed. Further differentiation is obtained by acidification of the 
filtrate, whereupon the beta fraction precipitates, and the gamma 
fraction remains in solution. Such a definition is dependent upon the 
factors involved in the separation, such as amount and concentration 
of the sodium hydroxide solution, the physical state of the fibers, such 
as freeness and extent of fibrillation, the time of contact between 
solution and fibers, and the method of filtering and washing. Thus, 
the values obtained for the cellulose fractions depend upon the 
particular method used, although the values found in the literature for 
certain well-known materials differ by only 1 to 2 percent. 

A high content of alpha cellulose usually indicates good quality, as 
for example, stability of the finished material, other things being 
equal. The interest in beta and gamma cellulose seems to be sole! 
academic. The correlation between the quality of the cellulose te | 
uct and the alpha-cellulose content is, however, not close enough to 
indicate which of the existing methods yields the most useful values, 
Furthermore, the experiments of Porrvik * and of Lewis and Browni 
indicate that alpha cellulose will dissolve indefinitely if treated wit 
fresh portions of sodium hydroxide solutions. Apparently no prac- 
ticable method for routine and control work can yield a value which 
is a fundamental constant for a given material. 

It seems, therefore, that the only criteria for the suitability of 4 
given method are its simplicity and rapidity of execution, and its 
reproducibility, not only as regards agreement between duplicate 
determinations, but also as regards comparison between various papers 
among themselves, or with the original pulp. It frequently happens 
that a pulp may be filtered in 5 to 30 minutes, whereas a paper made 
from the pulp may require 3 to 5 times as long, sometimes 3 to 4 
hours in extreme cases. The corresponding alpha-cellulose values 
obtained by commonly used methods would not be comparable for 
such a case, for, as Porrvik and Lewis and Browning have show, 
large differences (2 percent, within a given method) in alpha-cellulose 
content may arise from variations in the rates of filtration, unless the 
cellulose-alkali mixture is allowed to stand a certain length of time 
after dilution. The rate of filtration appears to have very little 
effect if the mixture is filtered 1 hour or more after dilution. It 
appears that all the reactions between cellulose and alkali should be 
given a sufficient length of time to reach equilibrium. This applies 
to the washing as well as to the mercerization. 

The alternative of allowing a reaction to reach equilibrium in order 
to achieve reproducibility is to allow the reaction to proceed for 8 
definite length of time. The Faserstoff-Analysenkommission® speci 
exactly 5 minutes for washing the alpha cellulose with a definite 
quantity of 8-percent alkali. This is impossible to regulate in the 
case of paper, which fact is tacitly recognized by them, since they 
consider their method to be applicable only to pulps. 

At the National Bureau of Standards it was necessary to develop 4 
method which would be valid for the analysis not only of ~— ut 
also of the papers usually causing difficulties in filtering. 


* See footnotes 5 and 7. ; 
* Faserstoff-Analysenkommission des Vereins der Zellstoff und Papier-Chemiker und -Ingenieure, Papier 


Fabr. 82, 521 (1934). 
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attention was paid to the aspects of simplicity, rapidity of operation, 
and reproducibility, especially of the type mentioned. The mer- 
cerizing procedure of Lewis and Browning was adopted, including 
observance of the time necessary to reach equilibrium in the swelling 
in 17.5-percent, and subsequent standing in the diluted (7.3-percent) 
alkali. The alpha cellulose was washed with water only. In this 
way, any uncertainties arising from variations in the rate of washing 
with sodium hydroxide solutions are avoided. Furthermore, the 
ratio of the volume of alkali to the weight of sample has been made 
unusually large to minimize errors due to “drop losses.’’ 

The method described in the present article is based entirely upon 
volumetric procedures. It is simple and rapid, since no precision 
weighings are involved, and since the sample taken for analysis is 
small, 0.3-g. Moisture and ash determinations on the ground 
material, indispensable in other methods, are not made. ‘The entire 
alpha-cellulose portion, and large aliquot parts of the filtrate, one-half 
and one-quarter, for the beta plus gamma, and gamma portions, respec- 
tively, are oxidized with dichromate solution, the strength of which 
need not be known accurately. The method, using a 0.3-g sample, is 
shown to be equal in precision to gravimetric methods employing much 
larger samples. Even a 0.03-g sample was found to yield fair results. 
Aside from the obvious advantages of a precision method which is 
applicable when only small samples are available, the use of a small 
sample has the advantage that the entire separation even in the worst 
cases requires less than one-half hour. The 3- to 5-g samples ordinarily 
employed require up to 3 or 4 hours in such cases. For most pulps, 
eight complete separations of the alpha from the soluble cellulose can 
usually be made per hour with the method described in this article. 
For most papers, the corresponding number per hour is six to seven. 
Thus, four complete determinations of alpha, beta, and gamma 
cellulose require an actual working time of 1% to 2% hours, which is 
about one-eighth to one-fourth of the time necessary for the same 
number of determinations by any other method. 

Bray and Andrews,"' who adapted Bronnert’s * method for deter- 
mining alkali-soluble cellulose with dichromate to the alpha, beta, and 
gamma cellulose determination, discuss further advantages inherent 
in volumetric methods. Their procedure involves, however, the usual 
moisture and ash determinations, and recommends the standardiza- 
tion of the potassium dichromate solution against ‘Cross and Bevan 
cellulose” from sulfite pulp. They limit their comparison of the volu- 
metric and gravimetric results to a study of spruce sulfite pulp. 
However, their method of filtration is not suitable for paper analyses 
and they take one-tenth and one twenty-fifth aliquot parts for the 
alpha, beta plus gamma, and also gamma fractions, respectively, 
bse! errors in the dichromate determinations are multiplied by 

and 25. 

Porrvik ' uses a volumetric method which is peculiarly adapted to 
the needs of the rayon industry. In this method only a partial (5/8) 
separation of alpha from beta and gamma cellulose is attempted, and 


= eirty Ove mililiters of water is sufficient. It was found that further washing extracts no more cellulose. 


' Bray and Andrews, Ind. ~~. Chem. 15, 377 nag #3 See discussion also in Hawley and Wise, The 
Chemistry of Wood, p. 144-148. Chemical Catalog Co., New York, N. Y.). The method is quite similar to 
that of the Faserstoff-Analysenkommission (footnote 9). 
In Schriften des Vereins der Zellstoff und Papier-Chemiker 13. Die chemische Untersuchung pflanz- 
lcher Rohstoffe und der daraus abgeschiedenen Zellstoff, compiled by C. G. Schwalbe. Published by 
erlag der Papier-Zeitung. C. Hofmann, Berlin (1920). It is a report on the secret process of the Bayerische 
2 ffwerke, and is very incomplete. 
Porrvik, Papier-Fabr. 26, 81 (1928). 
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very small aliquot parts, 1/120 and 1/150, for the alpha and gamma 
portions, respectively, are taken. Furthermore, Porrvik works only 
with bleached sulfite pulp and makes no comparison with the results 
of a gravimetric method for alpha cellulose. 

The gravimetric methods “ include for duplicate determinations, 22 
precision weighings, including 12 for moisture and ash; 6 more am 
necessary if beta cellulose is to be determined. 

The materials studied in this work were soda pulp, refined sulfite 
and sulfate pulps, known on the market as “‘alpha’”’ pulp and bleached 
sulfate, respectively, also no. 1 old white rags, no. 1 new white rags, 
and no. 1 new white rag paper. The resins in these materials did not 
in any case exceed 0.2 percent, and were neglected. It will be shown 
in a later paper that this has no effect upon the results and also that 
a correction may be applied for larger amounts of resin. 


II. METHOD IN DETAIL 
1. MERCERIZATION AND FILTRATION 


Approximately 0.3-g of the material reduced to fibrous condition in 
a “Dr. Koerner-type” grinder and well-mixed “ is weighed in a 100-ml 
beaker to the nearest 10 mg. 20.0 ml of 17.5-percent sodium hydrox. 
ide solution is added to the sample, which is then macerated until 
uniformly wet and dispersed, and allowed to stand for 10 minutes, 
33.0 ml of water is then added, the mixture thoroughly stirred, and 
allowed to stand for 1 hour, stirring once during the interval. After 
stirring once more, about 5 ml of the unsettled mixture is poured into 
a Gooch crucible and allowed to drain without suction. The filtrate 
and wash water run directly into a 100-ml volumetric flask. With 
very gentle suction (pressure differential 10 to 20 mm of Hg) the mat 
is formed through which the rest of the mixture is filtered. By avoid- 
ing excessive packing of the fibers owing to strong suction, very rapid 
filtering is usually secured. If the mat was successfully formed at the 
outset the filtrate is poured back through it only once. The mat with 
out being broken up is then washed with 35 ml of water. The filtrate 
is diluted to the mark and treated as described later in section 3. The 
alkali-cellulose mixture, as well as the water and sodium hydroxide 
solution, are kept at 20.0+0.1° C. 


2. TREATMENT OF THE ALPHA CELLULOSE 


The alpha cellulose is moistened and removed from the crucible. 
The crucible is placed upright in a 400-ml beaker and filled with 25 ml 
of 12M (approximately 75-percent, by weight) sulfuric acid, at room 
temperature, and then rinsed-after a few minutes with 50 ml more of 
the acid. The alpha-cellulose pad is then disintegrated in the acid 
using a thermometer as stirring rod. After the alpha cellulose has 
dissolved, 25.00 ml of potassium dichromate solution ” is added. The 

14 See footnotes 1, 2, 3, 5, and 6. 
16 The use of a small sample requires that the material be well mixed after grinding. This can 
accomplished by such an apparatus as is described by Lewis and Browning. The present writer 


upturned bell jar, 30 cm diameter by 22 cm depth, upon which fits a heavy wooden lid, 
and fan. By the proper placing of a vane to produce cross currents, the mixing of 40 g of ma’ 


was found to produce a sufficiently homogeneous — as the chemical tests showed. 


16 Made by diluting the 50-percent solution, from which the sodium carbonate has been 
to 5.22N, when titrated with standard acid using phenolphthalein. An excess of barium chloride 
the beginning of the titration to remove carbonate from solution. 

1? The solution is made up directly from oven-dry (100 to 110° C) KgCr301 by dissolving 90.00 g in 
70 to 90° C, allowing to cool to 20° C, and diluting to 1 liter. Its calculated normality is 1.835, but one 
advantages of the present method is that an exact knowledge of the strength of any of the 
tions is not necessary. 
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solution is heated to 140 to 150° C, at which temperature it is main- 
tained for approximately 10 minutes. Air is constantly bubbled in a 
fine stream through the solution to prevent troublesome bumping. 
The breaker should be covered with a watch-glass cut or notched to 
permit entrance of the thermometer and bubbling tube. 

After the solution has cooled to 130 to 140° C, 50 ml of water is 
added, the thermometer, etc., are rinsed down, and the solution cooled 
to 60° C or lower. The remaining dichromate is then most simply 
titrated electrometrically % with 0.5M ferrous ammonium sulfate 

tion.’ 
- 3. TREATMENT OF THE FILTRATE 


(a) BETA PLUS GAMMA PORTION 


50.00 ml of the filtrate is pipetted into a 400-ml beaker containing 
5.00 ml of the potassium dichromate solution. Cautiously, and with 
constant stirring, 50 ml of concentrated sulfuric acid is slowly poured 
down the side of the beaker. The solution is then heated and later 


titrated as in part 2. 
(b) GAMMA PORTION 


The pipette used to deliver the beta plus gamma portion is rinsed 
out into the remaining filtrate, which is then acidified with 15 to 16 
nl of 6.0N sulfuric acid, using no indicator. After cooling, the cloudy 
mixture is diluted to 100 ml, poured into a Nessler tube or graduate 
cylinder and allowed to stand overnight. After the beta cellulose has 
settled, a 50.00-ml portion of the supernatant liquid is cautiously 
removed and treated exactly as noted in part (a). The beta plus 
gamma mixture should be at room temperature while the gamma 
portion is removed. 


III. TREATMENT OF THE VALUES OBTAINED 


1, CALCULATION OF THE PERCENTAGES OF ALPHA, BETA, AND 
GAMMA CELLULOSE 


The percentage of each fraction of cellulose is calculated by dividing 
the volume of dichromate corresponding to it by the total volume of 
dichromate for all three fractions. For example, if the alpha cellulose 
used 18.48 ml, and the beta plus gamma cellulose used 3.48 ml of 
dichromate, then the total cellulose dichromate value is 21.96 ml, 
and the alpha-cellulose content ”° is 


18.48 
18.48 +-3.48 


The gamma-cellulose content is calculated in a like manner. The 
beta-cellulose content is found by difference. 


X100=83.8%. 


"A relatively inexpensive galvanometer with a sensitivity of 0.5 to 1 microampere per millimeter scale 

vision, used in circuit with an ordinary sliding-contact rheostat, platinum electrode and calomel half-cel! 

will suffice. The same titration may also be carried out, however, less every b using potassium ferricyanide 
e 


as outside indicator, in which case, 400, rather than 50, m! of water is added before titrating the dichromate 
in the alpha-cellulose determinations. 
Contains 195 g of Fe(NH,):(SO,)1.6H:0 and 10 ml of concentrated H3SQ, per liter. If the solution is 
out of contact with oxygen its strength remains fairly constant. 
These as well as all corresponding figures have been corrected for the sulfuric acid blank, which is usually 
.01 to 0.02 ml of dichromate per 50 ml of sulfuric acid. This is determined under typical test conditions. 
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2. CALCULATION OF THE TOTAL CELLULOSE CONTENT 
OF THE SAMPLE 


A knowledge of the total cellulose content of the ground material, 
although not involved in this method for determining alpha, beta, 
and gamma cellulose, is necessary for use in other chemical tests, such 
as copper number, pentosans, etc. If these tests are to be made, the 
sample for the determination of alpha, beta, and gamma cellulose is 
weighed to the nearest 1 to 2 mg instead of 10 mg. From this weight 
and from the volume of dichromate for total cellulose, the total cellu. 
lose content may be calculated. 

For this calculation the equivalent weight of cellulose, C,H,.O,, is 
taken to be 162.1/24=6.75 g. From this and from the strength of 
the dichromate solution, 1.835N, it is calculated that 1 ml of dichro. 
mate solution will oxidize 0.0124 g of cellulose. From the weight of 
the sample taken for the determination of alpha cellulose 0.300 g, and 
the volume of dichromate for total cellulose,” 21.96 ml, for example, 
the total cellulose content of the sample is 


21.96 X 0.0124 
0.300 


The values so calculated are listed in table 1 as total cellulose 
content (volumetric), and may be compared with the values of total 
cellulose content (gravimetric). The latter were obtained by deter- 
mining gravimetrically the moisture and ash content, using standard 
procedures, and assuming the remainder of the material to be 
cellulose.” 

The values for the total cellulose content (volumetric) are sufficiently 
accurate * for the purpose’stated. 

The elimination of the moisture and ash determinations on the 
ground sample constitutes a substantial saving of time in routine 
control and even research work. 


X100=90.8 percent. 





TaBLe 1.—Comparison of the two methods for obtaining the total cellulose content of 
pulps and papers 





Materials 





Method * 1035 (no.} 1009 (no. | 1039 (re- 988 (re- | 1008 (no. 
1 new 1 old fined {1018 (soda} fined 1 new 

whiterag| white sulfate pulp) sulfite white 
paper) rags) pulp) pulp) rags) 





Total cellulose content, gravimetric (%)--- 84. 96 93. 38 91. 25 91. 86 92. 27 93, 12 


Total cellulose content, volumetric (%) .-- 84.3 93.4 90. 8 91.4 91.6 92.8 























* The numbers are those used in connection with other experiments. See Shaw and O’Leary, Study 
of the effect of fiber components on the stability of book papers. J. Research NBS 17, 859 (1936) RP949. 


% Total cellulose dichromate values are given in table 2, column 5. P 

22 The values so obtained are used directly in the copper-number determination, wherein no attempt is 
made to distinguish pentosans from cellulose. ‘The corrections for resin, etc., are negligible for the materi 
listed but may be made when significant, as will be shown in a later paper. athe 

43 The greatest disagreement between volumetric and gravimetric values in table 1 is 0.7 percent an PPI 
average is 0.4 percent. The standard method for the determination of copper number in paper, he 
tentative standard, T430m, specifies an agreement between duplicates of 0.1 copper-number unit, 
corresponds to 2.5 percent for even relatively high copper numbers of 4.0. 





Alpha, Beta, and Gamma Cellulose 339 


IV. EXPERIMENTAL RESULTS AND DISCUSSION 


1. VOLUMETRIC VALUES FOR ALPHA CELLULOSE COMPARED 
WITH THE GRAVIMETRIC RESULTS 


Launer] 


The validity of a volumetric method is usually determined by a 
comparison with the results of a gravimetric method. Accordingly, 
a 1-g sample of each material studied was subjected to the same treat- 
ment as the 0.3-g sample for the separation of the cellulose fractions. 
The same ratio of alkali volume to weight of sample, was, of course, 
maintained. The alpha cellulose was filtered in a Gooch crucible pro- 
vided in this case with a small piece of cotton cloth as filtering medium. 
The residue was first washed with 100 ml of water, allowed to soak 
for 10 minutes in 20-percent acetic acid, and finally washed with 500 
cc of water, the pad being constantly broken up with a pointed stir- 
ring rod. It was then dried, weighed, and ignited as usual. The alpha- 
cellulose values were calculated on the basis of the oven-dry ground 
sample, corrected likewise for ash. 


Taste 2.—Alpha-cellulose values by the volumetric and the gravimetric methods 
compared 








Materials 


Gravi- 

metric 
method 
for alpha 
cellulose 


Volumetric 
method 
for alpha 
cellulose 


Alpha- 
cellulose 
dichromate 
values 


Total 
cellulose 
dichromate 
values 


Bray and 
Andrews 
method 
for alpha 
cellulose 





Percent 


Percent 


Mitiiliters 


Percent 


Milliliters 
20. 41 


; 95. 0 19. 39 
19. 32 
19. 38 


19. 35 
19. 36 
20. 46 
20. 40 
20. 38 
20. 45 
20. 42 


abated 
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18. 42 
18. 51 
18. 48 
18, 49 


18. 48 


17. 37 
17.35 


Nwneo 





Average 
1018 (soda pulp) - _- 











Average 





988 (refined sulfite pulp) (‘Alpha’’ pulp). 
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The gravimetric results are shown in column 2, table 2, and are to 
be compared with the volumetric results in column 3. The values 
agree well with those in the literature for the corresponding materials™ 
The values for alpha cellulose in column 6 are calculated according to 
the method of Bray and Andrews,” using, however, the theoretical 
factor 0.0124 g of cellulose per milliliter of 1.835. dichromate solution, 

Aside from demonstrating the validity of the volumetric results, 
table 2 allows some interesting deductions concerning the behavior of 
the pentosans in these materials. Pulps 1039, 1018, and 988 had pen- 
tosan contents of 10.7, 21.3, and 3.8 percent, respectively.” It is eyi- 
dent that the distribution of pentosans between the alpha and the 
beta plus gamma fractions was such that the presence of pentosans 
did not cause serious differences between the volumetric and gravi- 
metric results. This requires that the pentosans be distributed be- 
tween the alkali-soluble and alkali-insoluble portions in approximately 
the same ratio as cellulose, which may be calculated from the following 
considerations. On the basis of the formula for pentosans, C;H,Q,, it 
is calculated that 1 ml of dichromate will oxidize 0.0220 g of pentosans, 
as against 0.0124 g of cellulose. 

From the simple relation: 


wt of cellulose in alpha portion , wt of pentosans in alpha portion 
0.0124 u 0.0220 e 
total wt of cellulose in sample , total wt of pentosans in sample — 
0.0124 t 0.0220 
volumetric alpha percent 
100 ‘ 














the following expression for the percentage of the total pentosans 
remaining with the alpha portion can be derived: 


x= (229/p) [((g—v)+2] Ee 

z=percentage of total pentosans remaining with the alpha 
portion 

p=total pentosans in sample, percent 

g=gravimetric alpha-cellulose value (table 2, column 2) 

v=volumetric alpha-cellulose value (table 2, column 3). 


Substituting the corresponding data in this expression it is calculated 
that 79.8, 72.8, and 96.6 percent of the pentosans in the pulps 1039, 
1018, and 988, respectively, remain in the alpha-cellulose portion. It 
is seen that these values for “alpha pentosans” are of the same order of 
magnitude as the values for alpha cellulose in the pulps. It may, of 
course, be argued that the difference between g and 1 is not significant, 
that perfect agreement between the gravimetric and volumetric results 
would be obtained if certain mechanical differences of treatment 
could be eliminated. In that case, g—v=0 and z=», that is, the 
pentosans are distributed between the alpha and the beta plus gamma 
portions exactly as is the cellulose. 

It was of interest to ascertain the precision of the method when unu- 
sually small samples are taken for analysis. Therefore, 0.03-g sam- 
ples, corresponding to a piece of paper the size of an ordinary postage 

% Lewis and Browning, Paper Trade J. 97, 39 (Dec. 1933). The method of Lewis and Browning gave the 
values 90.4% and 77.4% for pulps 988 and 1018, respectively. The 
% Bray and Andrews, Ind. Eng. Chem. 15, 377 Gem. See Gopeies Pp Hawley and Wise, 


Chemistry of Wood, p. 144-148 (Chemical Catalog Co., Inc., New York, N. Y.). 
% See footnote (a) in table 1. 





™~ 


oa >" 2 Oe Oo ao > ww 


co 


RUE 


~ 
cs 


-eo BES 


a 


Launer] Alpha, Beta, and Gamma Cellulose 341 


stamp, were taken of the materials 1035, 1039, and 1018. The process 
for separating the cellulose fractions was the same as above, except 
that a Schott fritted glass filtering crucible, no. 3, was used. The 
oxidimetric solutions used above were diluted tenfold for these experi- 
ments. The results obtained for the alpha-cellulose values for these 
0.03-¢ samples were 94.2, 85.6, and 77.0 percent, respectively. It is 
seen that these values are in fair agreement with the corresponding ones 
listed in table 2. The writer believes that the precision when a 
0.03-g¢ sample is used could be increased by the use of a larger ratio of 
the volume of alkali to the weight of sample. 


2. VOLUMETRIC RESULTS FOR BETA AND GAMMA CELLULOSE 


The gravimetric determination of beta cellulose is usually extremely 
dificult and time consuming. Beta cellulose precipitates upon acidi- 
fication of the filtrate from the alpha cellulose, as a very gelatinous 
substance. It clogs the pores of all filters, and usually requires from 2 
to4 hours for its separation. For that reason the directions ” * advise 
coagulating the precipitate by boiling and filtering hot, followed by 
washing with hot water. 

The boiling procedure, however, yields results which differ from 
those obtained when the separation is made at “room temperature’’, 
since the solubility of beta cellulose is rather strongly influenced by 
temperature. This is shown by experiments in which the gamma 
portions of acidified equal parts (1/10) of a beta+gamma filtrate 
from a 1-g sample of 1018 soda pulp were removed at various tem- 
peratures. After a mixture had been kept at a given temperature 
for several hours, with frequent stirring, the beta cellulose was al- 
lowed to settle at that temperature, and a definite part of the super- 
natant liquid was removed and analyzed volumetrically for dissolved 
cellulose. The results are listed in table 3. If a system in which the 
beta cellulose has been ‘‘coagulated” by heating to 100° C is allowed 
to cool, additional beta cellulose will precipitate. 

Obviously, the beta cellulose should not be removed from the hot 
solution or washed with hot water if it is desired to obtain a measure 
of the cellulose, which simply precipitates upon acidification of the 
filtrate from the alpha cellulose. If the separation is made at room 
temperature, however, very little beta cellulose will be in the acidified 
solution. This can be seen simply by plotting temperature against 
beta cellulose content, using the data of table 3. 


TaBLe 3.—Effect of temperature on the solubility of beta cellulose 





Volume of 

dichromate 

for gamma 
portion 


Apparent 
gamma 
cellulose 


Beta cellu- 


Temperature lose 





Milliliters Percent 
0. 31 18.4 


. 36 ‘ 17.9 
143 17.1 
. 55 15.8 




















ee 


a Hawley and Wise, Chemistry of Wood, p. 145. Chemical Catalog Co., Inc., New York, N. Y. (1924.). 
Berlin 7 aaa Die Chemische Betriebskontrolle in d. Zellstoff-und Papier-Industrie, 3d ed., p. 411 
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The extent to which the filtrate is acidified, implied in some methods 
as being of consequence, was found to have no appreciable effect upon 
the amount of beta cellulose precipitating, and, therefore, no appre- 
ciable effect upon the gamma-cellulose content over a very wide 
range (acidity=10-* N to 3N). An amount of acid is, therefore, 
added which is known to be in excess of the base present, thereby 
avoiding the use of an indicator or of acetic acid, both of which were 
found to introduce large errors by reduction of dichromate. The 
values for the beta and gamma cellulose in the materials listed in 
table 2 are shown in table 4. The calculations were carried out as 
previously described. 


TaBLE 4.—Volumetric results of the beta- and gamma-cellulose determinations 





Gamma 

cellulose Gamma cel- Beta cel 
dichromate lulose lulose 

values 





Miililiters Percent Percent 
0. 26 3.8 
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988 (refined sulfite pulp) 
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REACTION OF WOOL WITH STRONG SOLUTIONS OF SUL- 
FURIC ACID 


By Milton Harris, Ralph Mease, and Henry Rutherford ! 








ABSTRACT 


Data on the effect on wool of treatment with solutions of sulfuric acid of differ- 
ent concentrations at 5, 25, and 50° C for 15 minutes and of an 80-percent solution 
of sulfuric acid at 25° C for different lengths of time are presented. The results 
suggest that strong sulfuric acid reacts with the basic groups in wool to form sul- 
famic acid derivatives. The acid-combining capacity of wool decreases and the 


base-combining capacity increases in proportion to the number of sulfamic acid 
groups formed. 
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I. INTRODUCTION 

4 The use of strong solutions of sulfuric acid for the removal of cotton 
¥ from mixtures with wool has been suggested by several investigators 
3 (1, 2, 3]. In studies relating to the analysis of wool-cotton textiles, 
3.6 Mease and Jessup [4] found that during treatment with an 80-percent 
sl solution of sulfuric acid,’ wool gained from 5 to 8 percent in weight. 
t Their results indicate that a relatively stable compound is formed, 
1.8 since this combined acid is not removed by prolonged washing with 
rT water or with solutions of ammonium hydroxide, sodium carbonate, 
n' ortriethanolamine. 

28 The present investigation was undertaken to study the nature of 
28 the reaction of wool with strong solutions of sulfuric acid and to study 
“ some of the properties of its product. 









II. MATERIALS AND METHODS 


The material used in this work was worsted cloth, plain weave, 
Weighing 8 ounces per running yard (56 inches wide) or white worsted 
yarn prepared from raw wool which had been extracted with Stoddard 


'Dr. Harris and Mr. Rutherford are research associates at the National Bureau of Standards, represent- 
lng the American Association of Textile Chemists and Colorists. The work reported here was aided by 
rants from the Textile Foundation, Inc., and the Chemical Foundation, Inc. 

7 6 numbers in brackets refer to literature references at the end of this paper. 

44 concentration was obtained by mixing 80 ml of concentrated sulfuric acid (94 percent, sp gr 1.84) 


ml of water. The wool was immersed for 15 minutes in 80 to 100 times its weight of solution at 
‘oom temperature. 









































343 









344 Journal of Research of the National Bureau of Standards {ve 


solvent and washed with water. All the samples were further purified 
by extractions with alcohol and ether, followed by washing with 
water at about 50° C. 

The samples of wool were treated with about 50 times their weight 
of sulfuric acid solutions. After the treatment with acid, the wool 
was immediately transferred to a large volume of running cold water 
and vigorously stirred in order to prevent local heating during the 
dilution of the excess of acid. The samples were then washed in 
running distilled water until the wash waters no longer gave tests 
for sulfate, the time required generally being about 72 hours.* The 
test for sulfate was made by allowing the samples of wool to remain 
in contact with a small amount of distilled water for about one-half 
hour and testing the liquor with barium chloride. 

The percentage increase in weight of the wool before and after 
treatment was computed on the basis of the oven-dry weight. 

The combined sulfuric acid in the wool was determined by the 
method of Mease [5]. Ammonia nitrogen was determined by measur- 
ing the ammonia liberated when the wool was boiled in a saturated 
solution of magnesium oxide. 

The yellowing of the wool by the acid treatment was determined 
by measuring the reflectance of the sample with respect to a mag- 
nesium-oxide standard, at wave length 435.8 millimicrons, with a 
Martens photometer, mercury-arc lamp, and suitable filter. The 
reflectances of the dyed samples were determined with the same 
instrument at wave length 578 millimicrons, which is located in the 
region of maximum absorption for the blue dyes used. 

The breaking strength of the cloth was determined on a pendulun- 
type testing machine using the strip method. The samples were 6 
inches long and 1 inch wide, cut warpwise of the cloth. The distance 
between the jaws was 3 inches at the start of the test. All the samples 
were conditioned and tested in a room maintained at a relative humid- 
ity of 65 percent and a temperature of 70° F. 

The acid- and base-combining capacities were determined by soaking 
samples of the wool for 4 hours (equilibrium appears to be reached in 
this time) in 0.1N solutions of hydrochloric acid,® sulfuric acid, and 
sodium hydroxide, the last being at 1 to 2° C to prevent decomposition 
of the wool fiber. The amount of acid or base combined was then 
found by titration of an aliquot of the mother liquor. 

4 Samples of wool which had been treated with a 4-percent solution of sulfuric acid for 30 minutes and then 


washed for 72 hours, regained 98 to 99 percent of their original acid-combining capacities. 
5 The limiting acid-combining capacity appears to be reached at about pH 1. 
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TaBLE 1.—Effect on wool of treatment with different concentrations of sulfuric acid 
at 5, 25, and 50° C for 15 minutes 





Concentra- 
tion of 80, from 


Ifuric aci 
HaSO,, by | $4 
weight treated wool 


Ammonia 


q | Reflectance ! Breaking 
nitrogen 


strength of 
R./Rmso 1-in. strip 








TEMPERATURE 5° © 





Percent 
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TEMPERATURE 50° C 


























! The values represent the ratio of the brightness of the sample to that of a standard white magnesium- 
oride surface under the same conditions of illumination and observation, for light of wave length 435.8 
nillimicrons. The darker (or yellower as in this case) the specimen, the smaller the value for light reflected. 


III. RESULTS AND DISCUSSION 
1, EFFECT OF TEMPERATURE AND ACID CONCENTRATION 


In view of the procedures [4] recommended for the removal of 
cotton from mixtures with wool by the sulfuric acid method, it seemed 
advisable to study first the effect of different concentrations of sulfuric 
acid on wool. The effects of the different treatments at 5, 25, and 
i0° C for 15 minutes are summarized in table 1. The results indicate 
marked changes in the amount of acid combined between 69- and 
§)-percent sulfuric acid at 5 and 25° C and between 48- and 60-percent 
acid at 50° C. Since wool, in an 80-percent solution of sulfuric acid 
at 25° C, reacts with a relatively large amount of acid, as shown by 
the sulfate analyses, and since the reaction is accompanied by com- 
paratively little deterioration of the fiber, as evidenced by reflectance, 
breaking strength and ammonia-nitrogen determinations, this con- 
tehtration and temperature of acid solution were chosen for the 
further studies. 


123125—37-_7 
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2. EFFECT OF THE DURATION OF TREATMENT 


Samples of wool were treated with an 80-percent solution of sulfur; 
acid at 25° C for different lengths of time, and washed as previou 
described. The increase in weight and the sulfate obtained from th 
treated wool are recorded in table 2. The data indicate that a max. 
mum increase in weight is obtained in the treatment for 30 minute, 
On treatment for periods longer than 30 minutes, the wool not o 
decreased in weight, but the amount of sulfate obtained from it aly 
decreased. The appearance of the wool treated for periods of longer 
than 30 minutes indicated that considerable degradation had occurred, 


TABLE 2.—Effect on wool of treatment with an 80-percent solution of sulfuric acid o 
25° C for different lengths of time 





Duration of | Increase in 80, from 
treatment weight treated wool 





Minute Percent Percent 
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3. NATURE OF THE REACTION OF WOOL WITH STRONG SULFURIC 
ACID 


Of the two principal theories to account for the acid taken up by 
wool, namely, the chemical and the physical or adsorption theories, 
the work of Knecht [6], Mayer [7], Porai-Koschitz [8], and Speakman 
[9] favors the former. These investigators showed that wool has a 
acid-combining capacity of about 0.80 millimole of acid per gram of 
wool. In addition, Harris and Kanagy [10] showed that this com- 
bined acid may be accounted for by the free amino groups and by the 
guanidine nucleus of the arginine in wool. Speakman [9], utilizing 
his own data and also the data of Dietl [11], Fort and Lloyd [12], and 
Georgievics and Pollack [13] to calculate the amounts of acid com- 
bined as a function of pH, demonstrated that sulfuric acid was prac 
tically monobasic in reaction with wool. - 

On the basis of the above work, the following equations which give 
a schematic representation of two possible mechanisms by which sul- 
furic acid may be taken up and held by the basic groups in wool, are 


postulated. 
(1) RNH,+H,SO, = RNH;.HSO, 
(2) RNH,+H.SO, — RNHSO,H+H,0O, 


where R represents the portion of the wool molecule to which the 
basic group is attached. 

The acid in the compound formed in equation 1 should be revers: 
ibly held; that is, it should be slowly removed by washing with water, 
rapidly removed by pyridine [14], triethanolamine [15], sodium tereph- 
thalate [15] and other alkaline reagents, and readily replaceable by 
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acid dyestuffs. Equation 1 indicates the reaction which is assumed 
to take place in dilute solutions of sulfuric acid. 

On the other hand, the acid in the compound formed according to 
equation 2 should be irreversibly held under the conditions mentioned 
above. It appears that such a compound would be formed only under 
dehydrating conditions, for example, in the presence of strong sulfuric 
acid, and that the acid would be removed by hydrolytic processes ° 
according to the reverse of equation 2. In other words, the fact that 
sulfate is obtained when the acid-treated wool is analyzed by the 
method of Mease [5], is no indication that it existed as such in the wool. 

It should be possible, therefore, to determine which type of com- 
pound is formed when wool is treated with strong or dilute solutions 
of sulfuric acid by recalculating the data on the SO, obtained from the 
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TIME IN MINUTES 
Ficure 1.—Comparison of the actual increase in weight of wool resulting from 


treatments with an 80-percent solution of sulfuric acid at 25° C for different 


lengths of time with the increase obtained by calculating the SO, obtained from the 
treated wool as H,SO, and as SOQ3. 





treated wool in terms of H,SO, and SO,, and comparing the calculated 
Weights with the actual increase in weight of the wool after treatment 
wth sulfuric acid. The data obtained by recalculating the data 
given in table 2 are shown graphically in figure 1. The results suggest 
that the reaction of wool with the strong solutions of sulfuric acid has 
proceeded according to equation 2, and that a sulfamic acid derivative 
of wool has been formed. 

That the reaction of wool with dilute solutions of sulfuric acid 
proceeds in a different manner is demonstrated by the following 
de hydrolytic conditions necessary for the reverse of equation 2 are so drastic as to cause degradation 


whald ool fiber. Accordingly, equation 2, which represents the manner in which the acid is assumed to 
by the original wool fiber, is written as an irreversible reaction. 
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experiment. A 2-g¢ sample of wool was treated with 100 ml of 4 
4-percent solution of sulfuric acid for 30 minutes, after which the excess 
of acid was squeezed out by hand. The sample was then soaked for 
15 seconds in 100 ml of ‘istilled water, squeezed again, and then 
partially dried by allowing it to remain in contact with air at room 
temperature for about 6 hours. It was finally dried to constant 
weight in the oven at 105° C. The sample showed a 5.5 percent 
increase in weight. The calculated increases in weight, based on the 
sulfate analyses, were 5.3 percent calculated as H,SO, and 4.3 percent 
calculated as SO;. These results suggest that this reaction has pro. 
ceeded as shown in equation 1. 


4. ACIDIC AND BASIC PROPERTIES OF THE SULFAMIC ACID 
DERIVATIVE OF WOOL 


The reaction of the basic groups of wool with sulfuric acid to form 
a sulfamic acid would not only destroy the basic properties of wool 
but would also correspondingly increase the acidic properties. That 
these changes take place are shown by the data in tables 3 and 4. 

The results in table 3 indicate a good agreement between the milli. 
moles of hydrochloric and sulfuric acids combined with wool and 
again show that the latter is practically monobasic with respect to 
the wool. A comparison of these data with those in table 2 shows 
that the acid-combining capacity decreases as the number of sulfamic 
groups increases. The negative values obtained for the last three 
treatments (table 3) may be accounted for in two ways. Firstly, 
under the conditions of these experiments it is very difficult to wash 
the last traces of free (reversibly combined) acid from wool, and 


secondly, the long soaking even in relatively weak acid may causes 
hydrolytic cleavage of some of the sulfamic acid groups. The latter 
possibility is suggested by the fact that in the continued treatment 
with strong sulfuric acid the amount of sulfate obtained from the 
treatcu wool actually decreases (table 2). 


TABLE 3.—Acid-combining capacities of wool yarn which has been treated with 80- 
percent solutions of sulfuric acid for different lengths of time 





Duration of HCl Acid-com- 
treatment bined H3SO, 





Minutes Millimole Millimole 
0 0. 81 0. 
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TaBLE 4.—Alkali-combining capacities of wool yarn which has been treated with 80= 
percent solutions of sulfuric acid for different lengths of time 





Increase in base-combining 
capacity of the treated wool 


Duration of | NaOH com- 
treatment bined 





Calculated on 
Found the basis of the 
combined SO; 





Minutes Millimoles Millimole Millimole 
0 0. 64 


- 80 
1.17 




















Although the acid-combining capacities of the treated wools de- 
crease, the data in table 4 show a corresponding increase in base- 
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Figure 2.—Effect of treatment with an 80-percent solution of sulfuric acid on the 
dyeing characteristics of wool cloth, as shown by change in reflectance of light at 
wave length 578 millimicrons. 





combining capacity with an increasing number of sulfamic acid groups. 
~He increase in alkali-combining capacity, as found experimentally, is 
good agreement with the values which were calculated on the as- 
iimption that 1 mole of the combined SO, reacts with 1 mole of sodium 
ydroxide. This also constitutes further evidence that the product of 
-€teaction of wool with strong sulfuric acid is a sulfamic acid deriva- 
live since, if the acid were held as shown in equation 1, 2 moles of sod- 
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ium hydroxide would be required for each mole of combined acid [14], 
because the wool is regenerated. 

The changes in acidic and basic properties of the treated wool are 
also manifested in the dyeing characteristics of the fiber. Samples of 
wool cloth which had been treated with 80-percent solutions of sul- 
furic acid for different lengths of time were dyed in the same bath con- 
taining approximately 2 percent of alizarin saphirol B (based on the 
weight of fiber). A second set of the acid-treated samples were simi- 
larly dyed using methylene blue. 

The curves in figure 2 show that the amount of acid dyestuff (aliza- 
rin saphirol B) absorbed decreases and the amount of basic dyestuff 
(methylene blue) absorbed increases with increasing time of treatment 
with strong sulfuric acid.’ 
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Wasuineoton, December 29, 1936. 


t Work now in progress suggests that the resist towards aciddye stuffs, often produced in the carbonizing 
process, is caused by the formation of the suJfamic acid groups. 
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PERFORMANCE CHARACTERISTICS OF A WATER 
CURRENT METER IN WATER AND IN AIR 


By Galen B. Schubauer and Martin A. Mason 





ABSTRACT 


The effect of density on the performance of a water current meter of the cup- 
wheel type, known as the small Price meter, was investigated by calibrating the 
meter first in water by towing it in a rating tank, and second in air by placing the 
meter in a wind tunnel. The change from water to air produced a change in 
density by a factor of approximately 800. It was found that the revolutions 
of the cup wheel during 1 foot of travel of the fluid was a function of the product 
of velocity by the square root of the density and that Reynolds number and turbu- 
lence have no measurable effect. It was concluded that changes of density 
occurring in field use can cause no appreciable error. 
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I. INTRODUCTION 


The development and utilization of the water resources of the coun- 
try for flood control, irrigation, and power generation require an accu- 
rate knowledge of the total quantity of water available in streams, 
rivers, and watersheds and of the normal flow, the minimum flow in 
time of drought, and the maximum flow in time of flood of streams and 
rivers. These data are obtained in part from water velocity measure- 
ments made with current meters, and hence the accuracy of the data 
depends in part on the accuracy of current meters. 

Current meters are not absolute instruments and hence must be 
calibrated. The calibration is generally made in clear, fresh water. 
However, when used in the field, particularly in time of flood, the 
water is by no means clear, carrying silt, mud, and debris. Likewise, 
meters are occasionally used for measurements in salt water. The 
question immediately arises as to the effect of these departures from 
the conditions of the calibration on the indications of the meter. 

It is known that the mixtures or solutions encountered in the field 
até more dense than clear, fresh water; but whether or not the effect 
o the meter is the same as that which would be produced by a 

omogeneous fluid of the same density cannot be answered simply. 

y, one effect of silt and mud is to increase the inertia of the 


351 








352 Journal of Research of the National Bureau of Standards (vou. 


fluid and to this extent the effect on the indications of the meter will 
be similar to that of a fluid of greater density. If the water carries 
particles of considerable magnitude, such as pebbles, or if the mix- 
ture is so thick as to be much more viscous than water, other effects 
are obviously present. Calibrations of a current meter in homogeneous 
fluids of different density may be expected to give some indication of 
the behavior of the meter in mixtures or solutions of densities not 
differing greatly from that of clear, fresh water. 

In order to determine the effect of the density on their calibration, 
two current meters were rated in homogeneous media of different F 
density: (1) in water in the rating tank of the National Bureau of Ff 
Standards, and (2) in air in the Bureau’s 4%-ft wind tunnel. By — 
this means a density change by a factor of about 800 was secured, 





| wl 




















Figure 2.—Diagram of small Price water current meter, showing the arrangemeni 
of bearings and contact mechanism. 


A comparison of the rates of rotation of the meters at the same 
relative speed of the fluid with respect to the meter was intended to 
show the effect, if any, of density variation. Since, however, the 
change from the rating tank to the wind tunnel involved differences 
in turbulence and Reynolds number, as well as density, the possible 
effect of these additional variables had to be considered. 

The only other work known in which ap attempt was made to 
compare the performance of a water current meter in both water and 
air is that reported for a propeller type meter in 1901 by Hajés’ 
Unfortunately, the information given about the tests is too meager 
to permit an analysis of the results for comparison with the results 
presented here. 


II. EXPERIMENTAL INVESTIGATION 


The meters used in the study are known as small Price meters 
(figs. 1 and 2) and are of the cup-wheel type, the wheel revolving 
about a vertical axis. They depend for their operation on the differ- 
ential pressure acting on the open and closed ends of the cups. Figure 


1S. Hajés. Beitrige zur Frage tiber die Umlaufswerte Woltmann’scher Filiigel. Deutsch-Oesterreich 
Ungarischer Verband fiir Binnenschifffahrt, new series no. IX (1901). 
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Ficgure 1.—Small Price water current mete ir 
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2 shows the constructional details of this type of meter. The calibra- 
tion of the meter consists in the determination of the relation between 
the rate of rotation of the cup-wheel and the velocity of the fluid 
relative to the meter, for the range of velocities expected to be en- 
countered in the field. In the rating tank, the calibration is made 
by towing the meter through still water; in the wind tunnel, the 
calibration is made by drawing air past the stationary meter. 
The experimental procedure was arranged as follows. 

The two meters were first rated in water, then in air, and again in 
water to determine whether changes in the meter had occurred during 
the high-speed running in air. The meters were mounted singly 
below the towing car 24 inches below the surface of the water on a rod 
suspension. The same suspension equipment was used in the wind 
tunnel, the upper end of the rod being attached to the top of the wind 
tunnel 27 inches above the meter. Complete tests were made of two 
meters to avoid possible errors resulting from irregularities in any one 
instrument. 


III. DIMENSIONAL CONSIDERATIONS 


The characteristics of current meters of either the propeller or the 
cup-wheel type are usually expressed in terms of the “apparent pitch’”’, 
defined as the actual distance, in feet, traveled by the fluid while the 
propeller or cup wheel makes one turn. The reciprocal of this quan- 
tity, termed “reciprocal of apparent pitch” or simply “revolutions 
per foot”’, is more commonly used in connection with the cup-wheel 
type, for purposes of precise calibration, and for this reason will be 
used here. If D is the diameter of the cup wheel, in feet, it follows 
that revolutions per foot 7D is a dimensionless ratio expressing the 
ratio of the peripheral distance traveled by the cups during rotation 
for a given period of time to the distance traveled by the fluid in the 
same time. 

If, from the several quantities which may affect the rate of rotation 
of the cup wheel, we choose only those of importance in the present 
treatment, we then have: 

U, velocity of the fluid 

p, density of the fluid 

u, viscosity of the fluid 


¥ u’*, turbulence expressed in terms of the root-mean-square value 
of the turbulence velocity fluctuations 
D, some dimension of the instrument, such as the diameter of the 
cup wheel 
T, opposing torque arising from bearing and contact friction when 
no load is imposed by the drag of the cup wheel 
AT, change in opposing torque resulting from change in bearing 
friction attributable to the drag of the cup wheel 
It is found by dimensional considerations that revolutions per foot 
XrD may be expressed in terms of dimensionless ratios of the fore- 
going quantities by the following functional relation: 


: ce Su ee ite ve) 
Revolutions per foot K7D= Ko ae (1) 
where F is an unknown function, the nature of which may be deter- 
mined by experiment. The quantity UD p/y» is the Reynolds number, 
and J u’/U is the intensity of the turbulence. 
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Since the drag load on the bearings is proportional to pU’D*, the 
change in frictional torque AJ’ may be assumed to be proportional to 
pU?D’. If this assumption is correct AT/pU?D*=constant. 

The assumption is correct provided the geometrical form of the 
bearings and the coefficient of friction do not depend on the magnitude 
of the drag. We may, therefore, replace the first member on the 


right of relation 1 by soap t where A is simply a constant. We 
may then rewrite the functional relation more simply as 
Revolutions per foot= a F, (<r +A UD, ye), (2) 
aD” \pU?DP Pm U 


where F; is a new function. 

Dimensional considerations show only the combinations of variables 
upon which the quantity, revolutions per foot, depends. The relative 
importance of the three members on the right-hand side of relation 2 
and the nature of the function can best be found by experiment. 
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Figure 3.—Relation beiween revolutions per foot and velocity of water and air. 
Meter WR-1495. 


IV. RESULTS 


The results are given in figures 3 to 8, inclusive. The figures are 
given in pairs showing similar diagrams for each meter, the pairs 
consisting of 3 and 4; 5 and 6; 7 and 8. Figures 3 and 4 each show 
two sets of curves giving the relation between revolutions per foot 
and water velocity in one case and air velocity in the other. The 
curves for the two media differ greatly, especially at the lower veloc- 
ities. In order to account for the difference between the curves, it 
is necessary to consider the relative effects of the three members on 
the right of relation 2, 
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T UDp Vw 
pU*D® -* ie g 


the first two of which differ in the two media because of the change in 
p and yu, and the third because of the change in flow conditions. It is 
assumed that 7’, which depends on the condition of the bearings and 
the tension of the contact brush, remains the same in the two media. 
For a particular value of the velocity the change from water to air 
raised 7/pU*D* by a factor of approximately 800 and lowered UDp/u 
by a factor of about 13. The amount of turbulence in the water of 
the rating tank was unknown, although it was probably smaller than 
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Ficure 4.—Relation between revolutions per foot and velocity of water and air. 
Meter WR-1496. 


that in the wind tunnel, since the water in the rating tank was allowed 
to become sensibly still between each observation run. 
The intensity of turbulence in the wind tunnel under ordinary con- 


ditions was 0.85 percent (100-Vu2 / U=0.85). Fortunately, it was pos- 


sible in the wind tunnel to vary Vu! U independently of T/pU?D*® and 


UDp/u. This was accomplished by placing completely across the 
upstream section of the tunnel a square-mesh screen made of round 
wooden rods % inch in diameter, spaced 3% inches apart.? At the 
current-meter location, which was 7.6 feet downstream from the screen, 
the intensity of the turbulence was 2.7 percent. After a thorough 
investigation of the velocity distribution at the current-meter loca- 
1 For a more detailed account of this method of producing turbulence and the nature of the turbulence 


see: Measurements of Intensity and Scale o Turbulence and their Relation to the 
Critieal Reynolds Number of Spheres. Nti. Advisory Comm. Aero: Tech Rept. 581 (1937). 
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tion, both meters were run at this higher turbulence. By compari 

runs made at the higher turbulence with those given in figures 3 aul 
4, which correspond to the lower turbulence, it was found for both 
meters that the rates were the same for 2.7-percent turbulence as for 
0.85 percent; or if any differences did exist, they were too small to be 
detected above the experimental scatter. In contrast to this result, 
the rate of a Robinson cup anemometer of the old standard type with 
four smooth hemispherical cups was found to be increased by 5 per- 
cent at the higher turbulence. It was concluded, therefore, that the 


term Vu | U could be dropped from relation 2 as being without effect 
on the rating of cup-wheel current meters of the small Price type. 

» It has been found generally in aerodynamic investigations that an 
absence of an effect of turbulence is accompanied by the absence of 
an effect of Reynolds number,* and unless the current meter is an 





- 
} 












































WATER RATING BEFORE AIR TESTS 
WATER RATING AFTER AIR TESTS 
AIR TESTS- LIGHT CONTACT 








Ke 
° 
Oo 
w& 
oa 
uJ 
a 
” 
y 
© 
iat 
=] 
Jj 
Le) 
> 
J 
a 


AIR TESTS- HEAVY CONTACT 





ie igs Gib ~ oe 















































2 o 6 8 10 l2 14 16 18 20 22 
up 


Ficure 5.—Relation between revolutions per foot and Uy. 
U=velocity of water or air in feet per second. 
e= Density of water or air, in pounds per cubic foot. 
Meter W R-1495. 


exception, the same result which permits the dropping of VwU 
suggests also the omission of UDp/yz in relation 2. The tests with 
two different amounts of turbulence lead, therefore, to the supposi- 
tion that relation 2 might be simplified to 


Revolutions per foot=—y F, (<p +4), (3) 


or with 7 and D constant and pU? as the only variable quantity 


Revolutions per foot=F,(U/p), (4) 
3 Hugh L. Dryden, Turbulence companion of Reynolds number. J. Acro. Sci. 1, no. 2, 67 (April 1934). - 
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where the new function F; has absorbed the constants and taken care 
of the inversion. 

The foregoing reasoning simply provides justification for testing 
relation 4; that is, that revolutions per foot is a function of U-/p only. 
The test 1s applied in figures 5 and 6, where the results of figures 3 
and 4 have been replotted with revolutions per foot as ordinates 
against Up as abscissas. It is seen that the curves for water and 
air have been brought into close agreement, approximating the con- 
dition of a single curve, as indicated by relation 4. In figure 5 (also 
in fig. 3) the two curves for air show the marked effect of changing 
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Ficure 6.—Relation between revolutions per foot and Uyp. 
U=velocity of water or air in feet per second. 
p= Density of water or air in pounds per cubic foot. 
Meter WR-1496. 


the tension of the contact brush and thereby changing T. In view 
of this sensitivity to small changes in friction and the drastic nature 
of the changes from water to air, it is not surprising that the over-all 
agreement is not closer than 1 percent. In fact, the approximation 
to a single curve must be regarded as remarkably good, a condition 
which amply supports the validity of relation 4 or the more general 


relation 3. 
V. DISCUSSION 


_ There is, therefore, an effect of density, the magnitude of which 
increases with J. As J approaches zero, T/pU’D*® approaches zero, 
and the revolutions per foot will show less and less dependence on 
both p and U; that is, curves similar to those of figures 3, 4, 5, and 6 
will show less and less tendency to drop at low values of U or Uyp. 
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If instead of decreasing 7'/pU?D* by decreasing 7’, we do so by increas. 
ing p, the effect is the same. Of the latter we have examples in figure 
3 and 4, where it may be seen that the flat, horizontal part of the 
curves persists to lower velocities for the case where the density js 
the higher. Further increases in density would simply push the kne 


of the curve to still smaller velocities. It is obvious at once that, § 


density greater than that of water can have very little effect on the 
performance of the meters, except at very low velocities. For gy. 
ample, it may be seen by the aid of either figures 5 or 6 that if either 
of these meters were run in a fluid twice as dense as water flowi 

with a velocity of 0.5 feet per second, the rates would be only about 
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Figure 7.—Rating curves showing relation between revolutions per second and 
velocity of water and air. 


Meter W R-1495. 















































2 percent higher than they would be in water. At higher velocities 
the difference would be still less. 

Lowering the a will, in general, have a greater effect than 
increasing the density, but as long as the density is near that of water 
the effect will not be Tar e. Asa second exemple, suppose the density 
of the fluid to be half that of water. Again, using figures 5 or 6, we 
find that the rate of a meter in such a fluid flowing with a velocity of 
0.5 feet per second would be lowered by 3 percent below that for water. 
Since halving the density has the same effect as doubling the frictional 
torque, we may apply the example to a meter which for some reason 
has had its bearing friction doubled. Under the conditions of higher 
friction the rate 4 this meter _ be i by tie a = 
running in water flowing at 0.5 feet per second. At higher velocities 
the change would be less. 
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This condition is further illustrated by figures 7 and 8, which show 
the usual type of rating curve. In these figures the curves giving the 
water rating do not depart perceptibly from a straight line, but 
actually if plotted to a more open scale the lines could be seen to 
curve toward the velocity axis at the low velocities, in the manner of 
the curves giving the air rating, and to intercept the abscissa at the 
starting velocity. A fluid with a greater density than that of water 
would yield a curve with a straight portion extending to still smaller 
velocities and having a smaller intercept on the velocity axis. Since 
the line is already quite straight it is apparent that further increase 
of density can have little effect. However, decreasing the density or 
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FicurE 8.—Rating curves showing relation between revolutions per second and 
velocity of water and air. 
Meter WR-1496. 


increasing the friction can have an effect of any magnitude since the 
line can be given any amount of curvature. 

If it is desired to obtain a rating curve, such as shown in either 
figures 7 or 8, for some density other than that for which the meter 
was calibrated, the following procedure may be adopted. From 
calibration data consisting in rates of rotation of the cup wheel corre- 
sponding to known velocities and the known density of the fluid, a 
curve like those shown in either figures 5 or 6 is computed. Corre- 
as to any value of the ordinate a new velocity U, is computed 

y 


U; Va= Uv pe; 


where U, and p, are the velocity and density pertaining to calibration 
and U; is the velocity at the density p,; which will yield the same value 
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of the ordinate, i. e., the same value of revolutions per foot. Havi 
U,, the new rate of rotation corresponding to it is revolutions per 
second= U; Xrevolutions per foot. 

In this way a new set of rates and velocities corresponding to the 
density p,; may be calculated and the new rating curve obtained. 

An examination of figures 3 and 4 will reveal the fact that both 
meters ran faster throughout the velocity range during the second 
test in water following the tests in air. This phenomenon has beep 
observed generally when meters have been recalibrated after much 
use. The effect is usually attributed to “running in’’, a condition of 
wear which favors faster running. If 7’ were decreased due to wear, 
the increased rate would be noticeable only at the lower velocities, 
On the other hand, if A in relations 2 and 3 were changed, then an 
effect would persist throughout the entire speed range, as observed, 
The effect may, therefore, be explained by a change in the geometrical 
form of the bearings or in the coefficient of friction of the bearing 
surfaces because of wear. 


VI. CONCLUSION 


Perhaps the most significant result of the present work is that the 
density effect is proportional to the frictional torque of the instr. 
ment; and that for an instrument of the present design which is in 
good condition the errors caused by changes in density normally 
encountered in water will, in general, be negligibly small. From the 
standpoint of density the problem of muddy water need not be re- 
garded as a serious one. However, the presence of mud and silt may 
give rise to important errors, if, by their abrasive action, they increase 
the bearing friction. Moreover, it has not been demonstrated that 
suspensions have the same effect on the rating as a homogeneous 
fluid of the same density. 


WASHINGTON, January 5, 1937. 
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SOIL-CORROSION STUDIES, 1934. 
FIELD TESTS OF NONBITUMINOUS COATINGS FOR 
UNDERGROUND USE 


By Kirk H. Logan and Scott P. Ewing 


ABSTRACT 


The National Bureau of Standards has conducted a series of tests of metallic 
and other nonbituminous coatings to determine their suitability for the protection 
of structures exposed to corrosive soils. Tests of calorized pipe in a few soils 
indicate that this type of coating affords only partial protection. Lead corrodes 
sufficiently in many soils to render thin cad coating unsatisfactory. Of the 
metallic coatings tested, zinc was the best. However, zinc coatings gradually 
deteriorate in many soils. 


Several new coatings have been under observation for 2 years. For this period 


of exposure, the best of these were a vitreous enamel and two rather thick rubber 
compounds. 


CONTENTS 


. Introduction 
Properties of soils at test sites 
Metallic coatings 
1. Lead-coated pipe 
2. Aluminum (calorized) 
3. Zine (galvanized) 
IV. Mill and foundry scale as protective coatings 
V. Parkway cable 
VI. Miscellaneous nonmetallic coatings 
VII. Summary 


I. INTRODUCTION 


In 1922 the National Bureau of Standards began its study of metal- 
lic coatings for underground use by the burial of specimens of galvan- 
ized pipe. Two years later, studies of the effects of the weight or 
thickness of the coating and of the type of base material to which the 
coating was applied were undertaken. Some other metallic coatings 
have also been investigated. In 1932 there were included in the inves- 
tigation of corrosion-resistant materials several types of recently 
developed coatings. This report gives the results of the tests of all 
of the above-mentioned coatings. With a few exceptions, the coatings 
have been applied to sections of steel pipe. The descriptions of the 
coatings buried prior to 1932 are given in Technologic Paper 368,' 


which gives also descriptions of the soils in which the tests were 
conducted. 


1K. H. Logan, 8. P. Ewing, and C. D. Yeomans, Bureau of Standards soil-corrosion studies: I. Soils, 
materials, and results of early observations. Tech. Pap. BS 22, 447 (1928) T368, 50¢. 
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II. PROPERTIES OF SOILS AT TEST SITES 


Table 1 gives the names and locations of the soils to which the 
specimens were exposed. Some of the physical and chemical proper- 
ties of these soils are given in table 2. The drainage was estimated 
by an examination of the soil and topography at the test site. The 
moisture equivalent is the percentage of moisture the soil will retain 
against a centrifugal force of 1,000 gravity. It is a measure of the 
moisture content of a soil which after saturation has reached equilib- 
rium with gravitational and capillary forces. The methods used to 
determine the moisture equivalent, pH, and the chemical composition 
of the soil extract, are given in Research Paper 918. Methods for 
measuring total acidity are given in Research Paper 539.’ 


TABLE 1.—Identification of soils 





Soil type Location Cooperating organization 








Allis silt loam Cleveland, Ohio East Ohio Gas Co. 
1 cl Dallas, Tex Dallas Gas Co. 
Cecil clay loam Department of Public Works. 
Chester loam i Philadelphia Electric Co. 
Oakland, Calif East Bay Municipal Utility District. 


Seattle, Wash Department of Public Works. 


Cincinnati, Ohio Union Gas and Electric Co. 

.| Fargo clay loam Fargo, N. Dak Union Light, Heat and Power Co. 
Genesee silt loam Sidney, Ohio Tide Water Pipe Line Co., Ltd. 

Gloucester sandy loam_.| Middleboro, Mass Town of Middleboro. 


Hagerstown loam Baltimore, Md Department of Public Works. 
— fine sandy | Los Angeles, Calif....._. Southern Calif. Gas Co. 

oam. 
.| Hanford very finesandy | Bakersfield, Calif San Joaquin Light and Power Corp. 


loam. 
Hemstead silt loam -..-_- s , Mi Northern States Power Co. 
Houston black clay i San Antonio Public Service Co. 


Kalmia fine sandy loam-_| Mobile, Ala City of Mobile. 

Keyport loam Alexandria, Va Alexandria Water Co. 

Knox silt loam Omaha, Nebr 7 + ody Council Bluffs Electrolysis 
omm 

Lindley silt loam Des Moines, Iowa..-....| Des Moines Gas C 

Mahoning silt loam Cleveland, Ohio.........| Department of Public Utilities. 


Memphis silt loam Memphis, Tenn Board of Water Commissioners. 

_..| Merced silt loam Buttonwillow, Calif San Joaquin Light and Power Corp. 
._| Merrimac’ gravelly | Norwood, Mass Boston Consolidated Gas Co. 
sandy loam. 

Miami clay loam Milwaukee, Wis Department of Public Works. 

Miami silt loam Springfield, Ohio City of Springfield. 


Miller clay Bunkie, La Standard Pipe Line Co. 

Montezuma clay adobe..| San Diego, Calif -— a onsolidated Gas and Elec- 
ric Co 

New Orleans, La Sewerage and Water Board. 

Davenport, Iowa United Light and Power Engineering 
and Construction Co. 

Jacksonville, Fla City Commission of Jacksonville. 


Rochester, N. Y De ent of Public Works. 

Milwaukee, Wis-.. .| Milwaukee Gas Light Co. 

je Norristown, Pa... .| Philadelphia Electric Co. 

"| Ramona loam....._-_..-| Los Angeles, eH Los Angeles Gas & Electric Co. 
Ruston sandy loam _ Meridian, Miss. - Peoples Water and Gas Co. 


St. Johns fine sand Jacksonville, Fla Jacksonville Gas Co. 
— gravelly sandy | Camden, N. J Camden Water Dept. 

joam. 
Sassafras silt loam Wilmington, Del Delaware Power and Light Co. 
Sharkey clay ..| New Orleans, La New Orleans Public Service Co. 
.| Summit silt loam Kansas City, Mo Kansas City Gas Co. 


3. A; sal Electrolytic measurement of the corrosiveness of scils. J. Research NBS 17, 363 (1936) 


RP9I18, 
3A ._— Methods for determining the total acidity of soils. BS J. Research 10, 413 (1933) RP539, 5¢- 














Soil-Corrosion Studies, 1934 


TaBLE 1.—Identification of soils—Continued 





ee 
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Soil type 


Location 


Cooperating organization 








Unidentified alkali soil_. 
Unidentified sandyloam. 


Galdaeee silt loam... 
Cecil clay loam 
Fairmount silt loam 
Hagerstown loam 


Lake Charles clay 
M ae clay adobe 


sunaueh clay 
— — clay 


Mohave sandy loam... 
Cinders 


Meridian, Miss 
Elizabeth, N. J 
Omaha, Nebr 


Denver, Colo 


SaltLakeCity, Utah 
Spindletop, Tex 
Atlanta, 
Cincinnati, Ohio 
Baltimore, Md 


El Vista, Tex 
Tranquillity, Calif 
New Orleans, La 


Kalamazoo, Mi 
Plymouth, Ohio 


New Orleans, La. 
Meridian, Miss 
Charleston, 8. C 
Cholame Flats, Calif. __. 
Wilmington, Calif 


Phoenix, Ariz 
Milwaukee, Wis--.-...... 








City of Meridian. 

Standard Oil Development Co. 

Omaha and Council Bluffs Electrolysis 
Committee. 

Stanolind Oi] and Gas Co. 

Publie Service Co. of Colo. 


Mountain Fuel Supply Co. 

Sinclair Prairie Pipe Line Co. of Tex. 
Department of Public Works. 
Union Gas and Electric Co. 
Bureau of Water Supply. 


Gulf Pipe Line Co. 

Standard Oil Co. of California. 
Sewerage and Water Board. 
Department of Public Utilities. 
Ohio Fuel Gas Co. 


New Orleans Public Service Co. 
City of Meridian. 
Commissioners of Public Works. 
Shell A Co. 


City Water Department. 
Milwaukee Gas Light Co. 
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Logan ] Soil-Corrosion Studies, 1934 


III. METALLIC COATINGS 
1. LEAD-COATED PIPE 


Lead-coated pipe was exposed to corrosion at various test sites on 
three occasions. The first of these was in 1924 when specimens of 
14-inch lead-coated steel pipe 6 inches long were placed in 47 soils. 

Two years after the first lead-coated specimens were buried, 
specimens of steel pipe coated by a hot-dip process by another manu- 
facturer were placed in seven soils. 

A third test of lead-coated steel pipe was begun in 1932. The 
specimens were prepared by the manufacturer of the specimens buried 
in 1924. This coating consists of approximately 98 percent of lead 
and 2 percent of tin, bonded to the base metal by a third element or 
bonding agent. 

The thickness of the lead coatings was determined using the chord 
method.* The results of these measurements are given in table 3. 
The three lead coatings all have about the same average thickness 
(1 to 1.5 mils), and they all show wide variations in thickness from 
point to point. 


TaBLE 3.—Dimensions of and thickness of coating on lead-coated pipe specimens 





SenOS OF GOUUIINOOD TNT og one dchesedccdckdbacestacstcnuca 1% by 6 | 2 by 17 
Date of burial 1924 1926 


1} by 13 
1932 
Number of measurements 9 12 


8 
Average thickness (mils) . 05 1.18 1. 44 
Minimum thickness (mils) { 50 


1. 96 2. 97 
30 0. 82 0. 50 








Table 4 gives the average rates of loss of weight and of maximum 
penetration for 10-year-old specimens buried in 1924. The table 
also shows the corresponding rates of corrosion for unprotected steel 
pipe and lead cable sheath. 

Only in Ramona loam were the specimens free from pits. In 
Dublin clay adobe, the coated specimens were worse than the un- 
coated both with respect to loss of weight and penetration. In 13 of 
the 34 soils for which comparisons can be made, the rates of maximum 
ar were greater for the coated specimens. Severe pitting of 
ead-coated specimens occurred in several soils in which commercial 
lead cable sheath was attacked but little. 

The data on rates of corrosion of lead cable sheath show that, in 
general, corrosion is most severe in the absence of oxygen and salts 
(especially sulphates) either of which would precipitate a protective 
layer of corrosion products on the lead. However, in all soils the rate 
of corrosion is great enough to penetrate the lead coating somewhere, 
even if the coating were originally free of pinholes. After it is exposed, 

@ rate of penetration of the steel depends largely upon the rate at 
which bare steel is attacked. In soils of low resistance, the lead acceler- 
ates the rate of corrosion if the coating is punctured. The places 
where the lead coating seems to be most effective in reducing the rates 
of corrosion and pitting are well-drained soils of very high resistivity. 
In such soils the penetration of the bare ferrous pipe wall cahesnals 
stops after a few years. 


‘W. Blum and A. B , : ‘ ‘ 
NBS i, 171 (1986) R F806 aieadd 8 chord method for measuring the thickness of metallic coatings. J. Research 
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TaBLE 4.—Corrosion of 114- by 6-inch lead-coated pipe exposed for approximately 19 
years 





Rates of maximum po 


Rates of loss (oz/ft?/yr) tion (mils/yr 





Soil Soil type 5 L 5 = 

ead- ead ead- 

coated a cable coated en 
steel sheath ! steel 


Lead 
cable 





| 


— 


NAH SP NAPN SO PPMP CMAN M98 


Allis silt loam 0. = 3 0.173 

-10 ° . 
Cecil clay loam . 066 
Chester loam . 239 
. 597 


Everett gravelly, sandy loam 
Unidentified silt loam 
Genesee silt loam 

Gloucester sandy loam 
Hagerstown loam 


one rex Ce te 
zRASCCS COSCe 
FEE KOPam 


Conoco, OO oIAI10 


Hanford very fine sandy loam 
Hempstead silt loam 
Houston black clay 

Keyport loam 

Knox silt loam 


Mahoning silt loam 

Memphis silt loam 

Merrimac gravelly, sandy loam 
Miller clay 

Montezuma clay adobe 


SP Pm wom 
HOMan DORE 


— 


PW MOM NIMs Oomph 


COO -I- 


Ano Omen 


Norfolk sand 

Ontario loam 

Peat 

Ramona loam 


Now DOonww Onnne 


= 
~ 
~ 


Ruston sandy loam 

St. Johns fine sand 

Sassafras gravelly, sandy loam 
NL Se eee ae 
Summit silt loam 


SQouaaeo em OWtr © 


Susquehanna clay 

Tidal marsh 
Unidentified alkali soil 
Unidentified sandy loam 
Unidentified silt loam 


_ 


PP OeSe PAK War 
MOD OOG Gn mm 


























1 Bessemer steel pipe 134 by 6 inches and commercial lead cable sheath in sheets 2034 by 34 by 0.112 inch 
removed from sites at the same time the lead-coated specimens were removed, were buried, in most cases, 1 
or2 yearslonger. The figures given are the averages from 2 specimens in the case of the steel and 1 specimen 
in the case of the lead sheath. The penetration of the sheath was determined by averaging 2 pits, each of 
which was the deepest on | side of the specimen. These pits were, of course, somewhat deeper than would 
be — on specimens of the same exposed area as that of the pipe. 

3No pits. 


Table 5 shows the rates of corrosion of the lead-coated specimens 
buried in 1926, together with the corresponding rates for steel speci- 
mens of the same dimensions. 

Table 6 gives the data on the specimens buried in 1932 and removed 
in 1934. It will be noted that in 5 of the 14 soils the lead-coated speci- 
mens developed deeper pits in 2 years than did the bare specimens. 
All of the specimens developed measurable pits, and large holes were 
found in the specimens exposed to cinders. 
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Ening 


TasLe 5.—Corrosion of 2 by 17 inches lead-coated steel pipe exposed approximatély 
8 years 





Rate of loss Rate of penetration 
(oz/ft.*/yr) (mils/yr) 





Soil type 
—— 

coate 
steel 


Lead- 
coated 
steel 


Bare 
steel 


Bare 
steel ¢ 





Hanford very fine sandy loam ; 1.70 
Merrimac gravelly, sandy loam 

Montezuma clay adobe 

Muck 

Susquehanna clay 

An CUR a cL he chem bwnaeaoenadbsan 
Unidentified alkali (Casper, Wyo.)_..........-.--------- 




















¢ The data in this column are from specimens of bare Bessemer stee! of the same dimensions as the lead- 
coated Na and which were buried and removed at the same times. Those in soil 24 were of copper- 
ring steel. 
Me otthe 4 lead-coated specimens in soi] 48, 3 were punctured, and since the ends of the specimens were 
closed, it was impossible to clean them in order to determine the weight lost. The figures given with respect 
to both rate of loss of weight and penetration are for the remaining specimen. These specimens were of 
0.154-inch wall thickness. 


TaBLe 6.—Corrosion of 1\4- by 13-inch lead-coated steel pipe exposed approximately 
2 years 





Rates of maximum 


Rates of loss (o2/ft?/yt) | penetration (mils/yr) 





Soil type 
Lead- 
coated 
steel 


Lead- 


coated Bare 


steel ! 


Bare 
steel ! 





Acadia clay......-- 2.72 
Cecil clay loam.- 
Hagerstown loam_ 
Lake Charles clay. 
Merced clay adobe- - 


Ono rw 
Conor 


Sharkey clay 
Susquehanna clay 
Tidal marsh 


Salinas loamy sand 

Alkali soi] (Wilmington, Calif.)................_. 
Mohave sandy loam 41 
Cinders 16. 66 





~) 
v2OoOnNem COO nm 
NPN OO eee WOO 














' Low-carbon steel tube 2 by 10 inches buried and removed at the same times as the lead-coated pipe. 





It is of interest to compare the corrosion-resisting properties of the 
three coatings developed at different times in three types of soil. 
Such a comparison is shawn in table 7. 

Figure 1 shows the appearance of the specimens after exposures of 2, 
6,and 8 years. It is evident that no marked improvement in the 
resistance to soil corrosion of this type of coating has been made since 
the first specimens were buried. “#* 4 »% ©¢ rte 


_ It is believed that these data justify the conclusion that lead coat- 
ings in general are not suitable for protecting steel pipe against soil 
corrosion. In the early stages, lead coating reduces corrosion. How- 
ever, after the coating is penetrated, the rate of penetration of the steel 
is often accelerated, so that in many cases the pipe wall will be pene- 
trated earlier on the lead-coated than on the bare steel pipe. 
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TaBLE 7.—Comparison of corrodibility of three varieties of lead-coated pipe exposed 
2 to 4 years to three soils 





Lead-coated Bessemer steel 





No. 1¢ No. 2° 





RATES OF LOSS OF WEIGHT (02/ft*/yr) 





0. 88 0. 85 
Susquehanna clay .14 .81 
Tidal marsh 41 . 69 














NETRATION (mils/yr 





21.3 
Susquehanna clay 19.7 
Tidal marsh ‘ 52.2 

















* 14- by 6-inch coated steel pipe exposed 2 to 24 years to soils 29, 42, and 43. 

> 2- by 17-inch coated steel pipe exposed about 4 years to soils 29, 42, and 43. 

¢ 114- by 13-inch coated steel pipe exposed 2 years to soils 58, 62, and 63. 

4 2- by 10-inch bare steel tube exposed 2 years to scils 58, 62, and 63. 

« Single deepest pit on 2 specimens having combined exposed area equal to that of 1 pipe 114 by 10 inches, 
4 Average of the 2 deepest pits, 1 from each specimen. 


2. ALUMINUM (CALORIZED) 


A calorized coating is an alloy of aluminum with the base metal. 
It was developed primarily for the purpose of preventing scaling when 
the metal is subjected to high temperatures. The aluminum oxide 
which develops on the surface of calorized materials, was considered 
as a possible protection against soil corrosion. There are two proc- 
esses of calorizing, one known as the powder or dry process, and the 
other as the dip or wet process. Specimens of pipe calorized by each 
process were placed in seven soils in 1924. Since it seemed inadvisable 
to stamp numbers on these specimens or to attach tags by wires which 
might cause galvanic corrosion, the specimens were identified by their 
positions in the trenches. This has resulted in the loss of identification 
of some of the specimens. Table 8 gives the rates of corrosion of the 
calorized specimens, together with the corresponding data for unpro- 
tected steel. 


TaBLe 8.—Corrosion of calorized steel pipe exposed approximately 10 years 





Rates of loss of weight ! Rates of maximum penetration! 
(o2z/ft 2/yr) (mils/yr) 





Soil type A 
Dry Wet Dry Wet Bare 
calorized | calorized calorized | calorized | steel? 





Hanford very fine sandy loam 0. 137 0. 087 
Merrimac gravelly, sandy loam-.--- . 019 
Montezuma clay adobe----....-..--- . 437 
Muck . 250 
Susquehanna clay . 452 
Tidal marsh . 861 
Alkali soil (Casper, Wyo.)_-....---- . 712 


aba ae Ba aod a 
BRRSaSeS 


























1 Average of 2 specimens. ' 

2 Rates for unprotected Bessemer steel specimens of similar area which were exposed, except in the peed 
soil 18, for a similar period. The data presented for bare steel in soil /3 are for specimens exposed only 
years, there being no data available for a longer period. 
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of Research of the Natior.al Bureau of Standards Research Paper 982 











Figure 2.—Powder- (on the left) and dip- (on the right) calorized specimens 
exposed for 10 years to Hanford very fine sandy loam containing black alkali 
(carbonates) at top; muck (center); and Susquehanna clay (bottom). 


The specimens are 5 inches high. 





Journal! of Research of the National Bureau of Standards Research Paper 982 














Ficure 3.—Bessimer steel specimens exposed with the calorized specimens in figure 2. 


Hanford very fine sandy loam (top); muck (center); Susquehanna clay (bottom) 


). The specimens are 5 
inches high. 
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In all cases the calorized specimens lost weight and, with one 
exception, were pitted at a lower rate than the unprotected pipe 
in the same soils. In five of the six soils the powder-calorized pipe 
was pitted at a lower maximum rate than the dip-calorized pipe, while 
in five of six soils the dip-calorized pipe lost less weight than the 
powder-calorized pipe. It is thus apparent that the powder-calorized 
coating was more effective in reducing pitting, although it allowed a 
greater loss of weight than the dip-calorized coating.® 

The thickness of the coating on both types of calorized pipes was 
measured in several places, using the chord method,® potassium ferro- 
cyanide and copper sulphate being applied to distinguish the alloy 
boundary. The thickness of the coating on both kinds of calorized 
pipe was found to be or uniform. The thickness of the 
gaa came coating was 2 mils and that of the dip-calorized was 
ll s. 

It is evident from table 8 that although, on the whole, calorizing 
made the pipe more resistant to soil corrosion, the process as applied to 
the specimens did not prevent pitting in any soil. The rate of pitting 
and loss of weight are usually high in poorly drained, corrosive soils where 
the use of a good coating would be economical. The appearance of the 
calorized specimens from three widely different soils is shown in figure 
2, Unprotected steel specimens exposed to the same soils for the 
same times are shown in figure 3. While these photographs have been 
selected to show the appearance of more or less typical specimens, 
they are not presented as the basis for general conclusions. 


3. ZINC (GALVANIZED) 


The tests of galvanized ferrous pipe and sheet were undertaken in 
order to determine the effectiveness of various thicknesses of this type 
of coating in withstanding soil action, and to ascertain whether or not 
one base material was superior to another when the same weight of 
zinc was applied to each. 

Galvanized iron prepared by the hot-dip process includes an outer 
layer of nearly pure zinc, a middle zone of one or more alloys of zinc 
and iron, and finally, the metal to which the zinc was applied. The 
thickness of the alloy layer depends upon the methods used in gal- 
vanizing, and to some extent on the character of the base metal. It 
isnot practicable to apply an exact amount of zinc or to apply the zinc 
as a perfectly uniform coating by the hot-dip process as used commer- 
dally’*, For these reasons, and because of nonuniform soil condi- 
tions, some dispersion of the data for what is nominally the same weight 
of coating is to be expected. 

It is evident from the statements above that the determination of 
the effect of each factor in the corrosion of galvanized specimens under 
field conditions would be very difficult, if not impossible, even with a 
very large number of specimens. From the available data, it is pos- 
sible to draw general conclusions only. These conclusions are valid 
only for the period covered by the experiments. 


ones description of calorizing processes, see H. 8. Rawdon, Protective Metallic Coatings. (The 
; Catalog Co., New York, N. Y.) 
; See footnote 5. 
- 8. Rawdon, Protective Metallic Coatings. (The Chemical Catalog Co., New York, N. Y., 1928.) 
Bey ©. Groesbeck and Wm. A. Tucker, Accelerated laboratory corrosion test methods for zinc-coated steel. 
- Research 1, 255 (1928) RP10. 
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In all cases the calorized specimens lost weight and, with one 
exception, were pitted at a lower rate than the unprotected pipe 
in the same soils. In five of the six soils the powder-calorized pipe 
was pitted at a lower maximum rate than the dip-calorized pipe, while 
in five of six soils the dip-calorized pipe lost less weight than the 
powder-calorized pipe. It is thus apparent that the powder-calorized 
coating was more effective in reducing pitting, although it allowed a 
greater loss of weight than the dip-calorized coating.® 

The thickness of the coating on both types of calorized pipes was 
measured in several places, using the chord method,° potassium ferro- 
cyanide and copper sulphate being applied to distinguish the alloy 
boundary. The thickness of the coating on both kinds of calorized 
pipe was found to be reasonably uniform. The thickness of the 
powder-calorized coating was 2 mils and that of the dip-calorized was 
11 mils. 

It is evident from table 8 that although, on the whole, calorizing 
made the pipe more resistant to soil corrosion, the process as applied to 
| the specimens did not prevent pitting in any soil. The rate of pitting 
and loss of weight are usually high in poorly drained, corrosive soils where 
the use of a good coating would be economical. The appearance of the 
calorized specimens from three widely different soils is shown in figure 
2. Unprotected steel specimens exposed to the same soils for the 
same times are shown in figure 3. While these photographs have been 
selected to show the appearance of more or less typical specimens, 
they are not presented as the basis for general conclusions. 


3. ZINC (GALVANIZED) 


The tests of galvanized ferrous pipe and sheet were undertaken in 
order to determine the effectiveness of various thicknesses of this type 
of coating in withstanding soil action, and to ascertain whether or not 
oe base material was superior to another when the same weight of 
inc was applied to each. 

Galvanized iron prepared by the hot-dip process includes an outer 
layer of nearly pure zinc, a middle zone of one or more alloys of zinc 
and iron, and finally, the metal to which the zinc was applied. The 
thickness of the alloy layer depends upon the methods used in gal- 
vanizing, and to some extent on the character of the base metal. It 
isnot practicable to apply an exact amount of zinc or to apply the zinc 
isa perfectly uniform coating by the hot-dip process as used commer- 
tially’®. For these reasons, and because of nonuniform soil condi- 
tions, some dispersion of the data for what is nominally the same weight 
df coating is to be expected. 

It is evident from the statements above that the determination of 
the effect of each factor in the corrosion of galvanized specimens under 
ield conditions would be very difficult, if not impossible, even with a 
very large number of specimens. From the available data, it is pos- 
ible to draw general conclusions only. These conclusions are valid 
oly for the period covered by the experiments. 


oes description of calorizing processes, see H. S. Rawdon, Protective Metallic Coatings. (The 

h Catalog Co., New York, N. Y.) 

+See footnote 5. 

iE 8. Rawdon, Protective Metallic Coatings. (The Chemical Catalog Co., New York, N. Y., 1928.) 

ue C. Groesbeck and Wm. A. Tucker, Accelerated laboratory corrosion test methods for zinc-coated steel. 
J, Research 1, 255 (1928) RP10. 
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The first test of galvanized pipe was started in 1922 when two 24. 
inch specimens of 2-inch galvanized steel pipe were placed in 30 soils, 
One of these specimens was removed from each soil in 1926, and the 
other specimens were removed in 1934. The specimens were not 
weighed. 

In 1924, specimens of galvanized pipe and sheet were placed in 4g 
soils. In seven of these soils specimens having different weights of 
coatings were also buried. 

Table 9 gives the corrosion data on pipe and sheets carrying nom. 
inal 2-ounce coatings. In the case of pipes, this is the nominal weight 
of the coating on 1 square foot of the outside surface of the pipe, while 
in the case of sheet metal it refers to the weight of coating per square 
foot of sheet and is, therefore, twice the weight of the coating on] 
square foot of surface. To avoid confusion, the weights of coating 
given near the top of the table are all expressed in ounces of zine per 
square foot of surface. Although all specimensjlisted in table 9 carried 
the same nominal weight of coating, the actual weights differed con- 
siderably, and the uniformity of the coating on the same kind of speci- 
mens also varied.® 

Table 9 shows also the rates of corrosion of steel pipe for those 
soils for which data on this material for the same period of exposure 
are available. To make the comparison of the galvanized and bare 
materials easier, the ratio of the rates of corrosion of the two materials 
is also shown. A low ratio indicates that the coating was relatively 
effective. 

The composition of the steel to which the coating was applied 
has been given in Technologic Paper 368. Results of early exami- 
nations of coatings will be found in that paper, as well as in Research 
Papers 359 © and 638.” 

The specimens were cleaned with warm water and a stiff fiber 
brush, and, in some cases, not all of the corrosion products were 
removed. The rates of loss of weight given in tables 9, 10, 11 are, 
therefore, somewhat less than they should be. They are, however, 
comparable with earlier data on specimens cleaned in the same way 
and give a good indication of the condition of the specimens. 

In order to show the correlation between weight losses and the 
results of the 10-year inspections, the data in table 9 are given 
eraphically in figure 4. The rates of loss of weight for each of the 
four materials are plotted on a logarithmic scale on separate lines, 
each point representing one specimen. The thick lines indicate the 
thickness of the coatings. The condition of each specimen, 4s 
judged by inspection and the weight of the coating, is shown in the 
figure. It can be seen that the various visual classifications are 
well grouped, with some overlapping. However, the weight losses 
do not arrange the specimens in exactly the same order as the inspec- 
tion results and pit measurements. This lack of correlation is not 
due entirely to chance. In figure 5 the average rate of loss of weight 
of the three galvanized sheets is plotted against the average maxl- 


* See footnotes 7 and 8, p. 371. , 7 

10K. H. Logan, 8. P. Ewing, and C. D. Yoeman, Bureau of Standards soil-corrosion studies: I. Soils, 
materials, and results of early observations. Tech. Pap. BS 22, 447 (1928) T368, 50c. : 

11K. H. Logan. Soil-corrosion studies. Nonferrous metals and alloys, metallic coatings, and specially 
prepared ferrous pipes removed in 1980. BS J. Research 7, 585 (1931) RP359. 

11K. H. Loganand R. H. Taylor. Soil-corrosion studies, 198%. Rates of loss of weight and pitting of ferrous 
and nonferrous specimens and metallic protective coatings. BS J. Research 12 ,112 (1934) RP638. 
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mum rate of penetration of the sheets. In general, those soils in 
which the loss of weight is exceptionally high, as compared with 
the pit depth (indicated by points below the curve), are poorl 
drained soils. The soils above the curve are exceptionally well- 
drained soils. This same characteristic of soil corrosion has been 
observed with steel. In well-drained soils the corrosion is more 
localized than it is in poorly drained soils. 

Table 9 shows that as in the case of ferrous materials, some soils 
were much more corrosive with respect to galvanized steel than others, 
In general, the soils which destroy steel rapidly are also destructive 
to galvanized steel. These soils are often poorly drained and contain 
either considerable acid or soluble salts. For the period of exposure 
represented by the data in the table, the rates of corrosion of the 
galvanized materials are from approximately 0.1 to 0.45 that of unpro- 
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Fiacure 5.—Correlation between rates of loss of weight and rates of penetration on 
galvanized specimens. 


tected steel. The ratios are in most cases higher for those soils in 
which the galvanized coatings have failed and the steel is pitted. 

Although coatings of approximately 1 ounce per square foot of 
surface often permitted pits to develop, only a few pits formed on 4 
coating 1.81 ounces, and no pits formed on a coating of 2.82 ounces. 

One of the reasons for burying materials having different base 
metals was to determine whether or not one metal is superior to 
another. Inadvertently, two other variables were included in the 
test. The specimens differed somewhat in weight and in uniformity 
of coating. The differences in processes of applying the coating may 
have had as much effect on the thickness of the alloy layer as the 
differences in the base metals. So far as can be determined from the 
data, there 1s no difference in the corrodibility of galvanized coatings 
which should be attributed to the base metals. 





TasuE 9.—Corrosion of galvanized pipe and 16-gage steel sheet with nominal 2-ounce coatings 
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In order to make the comparison of the materials simpler, data 
| on the average rates of loss of weight for each material for three 
periods of exposure have been assembled in table 10. For the shortest 
eriod of exposure there seems to be no difference in the rates which 
can be attributed to differences in the weights of the coatings, probably 
because in most soils the losses were of zinc only. The open-hearth 
iron sheet showed the lowest average rate of loss. This is true also 
for the 8-year period of exposure, although the open-hearth iron pipe 
which carried a heavy coating showed the highest rate of corrosion. 
A possible explanation for this is that, in the case of the pipe, the 
sinc only was exposed, whereas the alloy layer was exposed on the 
sheets. ‘The data for the 10-year period of exposure indicate that the 
rate of loss for galvanized materials decreases with increasing weight 
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FicurE 6.—Correlation between rates of loss of weight and the weight of zinc on 
galvanized pipe and sheets exposed to six sowls 






of coating within the range for which data are given. Beyond this 
range, the weight of coating has on the average no effect on the loss 
of weight, as shown in figure 6. 















Taste 10.—Summary of daia on specimens with nominal 2-ounce coatings 





Average rate of loss of weight 





38 soils 19 soils 2 





(oz/ft?/yr) 
§ym-' Weight of 
| Material ; 
“ coating? | ¢ years of S years of | 10 years of 
exposure in | exposurein | exposure in 
} 


39 soils 











B | Bessemer steel sheet.........-...-.------- 0. 81 0. 091 0. 145 0. 169 
A$ | Open-hearth iron sheet. 





Bs 99 . 081 . 128 147 
Copper-bearing steel sheet_. ‘ 1. 07 . 095 . 133 . 132 
A | Open-hearth iron pipe.....-..-----------. 2. 82 . 091 185 113 














_— 












; Bounces of coating per square foot of exposed area. 
he soils in this group are, on the average, more corrosive than those in the other groups. 
123125—37 9 
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Further light on the effects of the weight of the coating and of the 
pase materials is afforded by table 11, which gives data on a variety 
of galvanized materials from seven soils. The data from this table 
are plotted in figure 6. The rates for the different base materials are 
differentiated by different symbols. Curves showing the trend of the 
data for other periods of exposure but without the points for the 
individual observations are shown by broken lines. The curves lie 
quite close together, and the differences between them probably lie 
within the standard errors of the tests. The point on the left end of 
the curve represents the average rate of loss for all ferrous pipe 
materials exposed to the same soils. This value was used because of 
the destruction of some of the thin sheet steel specimens. The figure 
indicates that the 10-year average rate of loss of weight of the gal- 
yanized specimens in the six corrosive soils was about one-fifth of that 
for ungalvanized specimens and that, during this period of exposure, 
the lightest weight of coating was almost as effective as the heaviest. 
It is to be expected, however, that as the period of exposure is length- 
ened the advantage of the heavier coating will become more evident. 
This is indicated by the data on rates of maximum penetration given 
intable 11. These show that the pipes which carried much more zine 
than the sheets had no measurable pits, although most of the latter 
were pitted to a depth of at least 10 mils. The second part of table 11 
also indicates that the heavy coating on the pipes afforded better 
protection to the base metal than did the lighter coating on the sheets. 

The data for the 18-gage galvanized and black sheet show very 
definitely the superiority of the former. This illustrates a principle 
applicable to protective coatings in general, namely, that the life of 
unprotected material is short either because of the thinness of the 
material or the corrosiveness of the soil; a protective coating will 
probably increase the life of the structure sufficiently to justify its use. 
If, however, the life of the structure is long, the desirability of a 
coating is more questionable. Thus the use of galvanized rather than 
black corrugated iron culverts might be economical, although the use 
of large-diameter galvanized water pipes might not be advisable. 

Galvanizing is extensively used on pipes up to about 4 inches in 
diameter. Many gas and water companies use galvanized pipe for 
house services. This coating is especially well adapted to this use 
because the pipe is installed by a few men in small and widely scattered 
jobs where the use of any coating equipment would be inconvenient 
and expensive. In a distribution system where all pipes are unpro- 
tected, most of the leaks will occur on services and small pipes because 
the pipe wall is relatively thin. The use of galvanizing on these pipes 
will tend to equalize the average life of large and small pipes. If 
electrolysis is the principal cause of leaks, galvanized coatings will be 
of little or no value. However, in small distribution systems where 
there are no street railways, and hence no electrolysis, and where the 
soils are moderately but not severely corrosive, galvanized coatings 
are perhaps the most economical means for reducing maintenance 
costs. Galvanized coatings for underground use should have a 
weight of at least 2 ounces of zine per square foot of pipe surface. 

The relative rates of corrosion of zinc, steel, and galvanized steel 
exposed to five soils for approximately 10 years are shown in table 12. 

ese are the only soils in which zinc was placed. The table indicates 
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that for the period of exposure involved and for the soils for which 
comparisons can be made, zinc corroded less rapidly than iron or steg| 
and that the galvanized steel corroded least of all. 


TABLE 12.—Rates of loss of weight and maximum pitting of miscellaneous metal 
. and alloys buried for approximately 10 years 


—_ 





Soil 





Hanford Susque- 


Material sory pe, | Muck (29) hanna clay Ti | Alkali (4) 


(13) 





Loss!| Pits ? Loss 








0. 085 
ll 


0. 35 
-19 


4 
5. 
. 34 | 7. . 53 , . 078 
3 
6 


. 56 


Open-hearth iron . 98 {13. 
b . 54 


Copper-bearing steel t 


Galvanized steel sheet 4 7 ge ‘ . .07 
Galvanized iron pipe § . 09 .07 



































1 Loss is given in ounces per square foot per year. 

2 Rate of maximum penetration in mils per year. 

* Failure, 1 or more holes (f). If this symbol appears in the loss column the specimens were corroded 9 
badly it was not possible to weigh them. 

4 16-gage copper-bearing steel sheet, 6 by 12 inches, coated with 2.15 oz of zinc per square foot of sheet. 

§ Open-hearth iron pipe, 2 by 17 in., coated with 2.82 oz of zine per square foot of surface. 

* Rusted, but no measurable pits; (FR). 

7 Alloy layer exposed but not rusted: (A). 


IV. MILL AND FOUNDRY SCALE AS PROTECTIVE 
COATINGS 


Ferrous pipes as made at the foundry or mill are covered with an 
oxide coating commonly called foundry or mill scale. Various opinions 
have been expressed as to the effect of this scale on the corrosion of the 
pipe. Some believe that the scale acts as a protective coating, while 
others think that because the iron has been found to be anodic to mill- 
scale corrosion is accelerated at points where the scale is discontinuous. 
In 1926, specimens of several materials in their original condition and 
similar materials with the mill scale removed were buried in seven soils, 
Table 13 shows the rates of corrosion of these specimens after approxi- 
mately 8 years of exposure. To facilitate the comparison of the 
materials with and without mill scale, the ratio of the number of cases 
in which the scale-free material was superior to the scale-coated speci- 
mens is given at the bottom of each part of the table. It is evident 
from the table that, on the whole, the specimens from which the seale 
had been removed corroded somewhat less than those having a coating 
of mill scale, i. e., that mill and foundry scale did not afford any 
protection to the specimens. In most instances there was so little 
difference between the rates of corrosion of the specimens with and 
without mill scale that the difference might be attributed to chance. 
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TaBLE 13.—Effect of mill and foundry scale on corrosion 


[Period of exposure was approximately 8 years] 





F Delavaud - 
Pit cast iron nat wen Wrought iron 





Soil type 
A MC Cc MD K D 

Nor- | Ma- | Nor- | Ma- Rough 
mal |chined| mal |chined ground 





RATE OF LOSS OF WEIGHT (0z/ft?/yr) 





Hanford very fine sandy loam ‘ , 0.05 | 1.10 
Merrimac gravelly sandy loam ‘ 5 .17 

‘| Montezuma clay adobe ‘ 1.14 
Muck 4 ‘ 5. 28 
Susquehanna clay. ..-.....-.-...--..- i “ . 59 
§ | Tidal marsh " 3. 08 
5 | Unidentified alkali z ‘ 
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! Ratio of cases of superiority to total number of cases of comparison. 


V. PARKWAY CABLE 


Specimens of parkway cable consisting of an insulated copper wire 
covered by a lead sheath followed by a wrapping of treated jute, two 
spiral wrappings of zinc-coated steel strip, and another covering of 
bitumen-impregnated jute, were buried in 47 test sites in 1922 and 
1924. 

This cable is usually laid in direct contact with the earth in rather 
shallow trenches. The coverings outside the lead sheath are largely 
for the purpose of protecting the cable against mechanical injury. 
The impregnation of the outer covering delays its decay but does not 
prevent the moisture reaching the metal beneath. The steel tapes 
are coated with zinc. 

Table 14 indicates the conditions of the several components of the 
cable after approximately 12 years of exposure. It will be seen that 
although in many soils there was slight corrosion of the lead sheath 
no serious corrosion of the sheath occurred at any of the test sites. 
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TaBLE 14.—Condition of parkway cable buried from 10 to 12 years 
Ratings: G, good; F, fair; B, bad; D, destroyed; P, pitted; R, rusted; SR, slightly rusted; BR, badly 
rusted; T’W, thin white corrosion product on lead sheath. 
{All steel is zinc-coated] 
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1 All steel is zinc coated. 


VI. MISCELLANEOUS NONMETALLIC COATINGS 


Since the burial of specimens of protective coatings by the National 
Bureau of Standards in 1922, 1924, and 1926, and by the research 
associates of the American Gas Association and the American Petro- 
leum Institute in 1929 and 1930, a number of quite different pro- 
tective coatings have been developed. It was thought advisable, 
therefore, to give the manufacturers of these coatings an opportunity 
to have them tested under conditions which were severely corrosive 
with respect to steel pipe. 

Ten kinds of nonmetallic coatings were submitted by manufacturers 
and buried in 15 corrosive soils, which differed greatly in their physical 
and chemical properties. Seyeral of these coatings are experimental 
in nature and have not been offered to the public as protective coatings. 
The object of their manufacturers is to obtain data useful in the 
development of a satisfactory coating. The results of the tests are of 
interest to the public also because they show the ways in which s0 
affect protective coatings and indicate, therefore, some of the requife 
ments for satisfactory coatings. A soil which rapidly corrodes steel is 
not necessarily destructive to protective coatings, and one that de 
stroys certain kinds of coatings may not be corrosive. Since coatings 
are required only in corrosive soils, such soils should be used for testing 
coatings, and, to be helpful, reports on the performance of coatings 
should be accompanied by data on the corrosion of unprotected s 
exposed to similar conditions. 
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The soil types in which the coatings were exposed and their loca- 
tions are given in table 1. Some of the physical and chemical pro- 
perties of these soils are given in table 2. Table 15 shows the identifi- 
cation letters for the coatings, together with a descriptive name for 
each. A more detailed description of the coatings follows. These 
descriptions were furnished by the manufacturers but in some cases 
are quite inadequate. 
The following manufacturers furnished coatings for the tests: 
American Machine and Foundry Co., Brooklyn, N. Y. 
Ball Chemical Co., Pittsburgh, Pa. 
Chadeloid Chemical Co., New York, N. Y. 
Ferro Enamel Corp., Cleveland, Ohio. 
P. D. George Co., St. Louis, Mo. 
B. F. Goodrich Rubber Co., Akron, Ohio. 
Goodyear Tire and Rubber Co., Akron, Ohio. 
Harpoon Paint Products Inc., Long Island City, N. Y. 


Irvington Varnish and Insulator Co., Irvington, N. J. 
Thiokol Corp., Yardville, N. J. 


TaBLE 15.—Nonmetallic coatings 





Identification Descriptive name Identification Descriptive name 





Synthetic rubber. Hard rubber. 

Vitreous enamel. Loaded hard rubber. 

Rubber paint. Synthetic resin varnish. 

Paint, unidentified. Chlorinated rubber paint. 

Cashew-nut oil- asbestos-fiber China wood oil-mica plastic. 
paint. 

















The coatings listed in table 15 have been described by their makers 
as follows: 


B.—A product described as an olefin-polysulfide reaction product. The 
specimens under observation were made by the addition to this product of small 
quantities of nine other materials to form a rubber-like substance. The dimen- 
sions of the specimens of this material are 10 by 5 by 4 inch. They were placed 
on edge in the trench. 

C.—A vitreous enamel coating described by the manufacturer as an acid- 
resisting enamel, free from pinholes. The thickness of the coating is approxi- 
mately 14 mils. 

D.—The manufacturer describes the coating as follows: first coat, 23-percent 
solution of rubber derivative in xylene; second and third coats, 30-percent solution 
of rubber derivative in xylene; fourth coat, 20-percent solution of rubber derivative 
in @ mixture of turpentine and mineral spirits, plus 5 percent of carbon black as 
a of the total solids. The thickness of the coating was approximately 

.010 inch. 

E.—Two applications of paint which differ in color. Neither the kind of pig- 
ment nor the kind of vehicle was specified. The thickness of the coating was 
approximately 0.005 inch. 

.—A semiplastic compound, which may be applied cold with a brush, consisting 
of 4% parts of treated cashew-nutshell oil, 3 parts of fiber asbestos, and 3% parts 
. pe turpentine substitute. The thickness of the coating was approximately 

.006 inch. 

Twelve of the specimens of coating F were placed in water for 1 week. Pattern 

% were then made. All tests indicated pinholes in the coating. 

G—A hard-rubber compound comprising rubber, sulfur, and an accelerator 
cured to a bone-hard condition. The thickness of the coating is about 0.09 
inch, The bond between the pipe and the coating is not strong. 

H.—Highly loaded hard-rubber stock containing 30 percent of magnesium 
carbonate and approximately 15 percent of “white substitute.” The thickness 
of this coating is about 0.1 inch. 

LL 


"8. P, Ewing and G. N. Scott, An electrolytic method for determinin iti i 
a 5 g the condition of nonmetallic pipe 
‘oatings, Am. Gas Assn. Monthly 16, 140 (1934). 
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J.—A modified synthetic resin applied to the pipe in the same manner as a paint 
or varnish. The pipe is then subjected to a baking operation at 425° F for 39 
minutes. The thickness of this coating was about 0.002 inch. 

K.—A paint coating containing imported highly chlorinated rubber which may 
be dissolved in solvents to which may be added drying oils, pigments, quartz 
meal, or carborundum. The exact ingredients of the coating, which was applied 
to the pipe 1 inch in outside diameter, were not stated. The coating was applied 
in Germany. Its thickness was approximately 0.006 inch. 

W.—An experimental coating prepared as follows. ‘The pipe was primed withg 
china wood oil varnish containing considerable lead and manganese drier as the 
vehicle. The pigment portion consisted of a mixture of equal parts zinc chromate, 
basic lead chromate, small proportion of oxide of zinc, and about 10 percent of 
inerts in the form of asbestine. This primer was baked at a temperature of about 
200° F for % hour. 

The coating consists of thoroughly dehydrated china wood oil to which was 
added powdered mica and a catalyst. This mixture was molded on the pipe and 
heated to 200° F for 3 hours. The thickness of this coating was about 0.17 inch, 

Coatings G, H, J, and K were received after a part of the other 
specimens had been buried. The first two specimens were placed in 
eight soils and the last two, because of the limited number of specimens 
furnished, in only four soils. The results of all of the field tests on 
corrosion conducted by the National Bureau of Standards indicate 
that because of uncontrolled factors the data are likely to be erratic, 
and on this account a considerable number of observations are 
required, if reliable information is to be secured. Moreover, because 
of the wide differences in soils, a material suitable for one soil con- 
dition may be unsatisfactory in another. The results of observations 
on a few specimens in a few soils may, therefore, be misleading as to 
the general usefulness of the material tested. _ 

The nonmetallic coatings differ so greatly in character that it is 
difficult to tabulate their conditions when removed from the test sites, 
The condition of the pipe to which the coating was applied is probably 
the best indication of the usefulness of the coating although the rela- 
tive conditions of the specimens may differ for different periods of 
exposure. a 

Table 16 shows the conditions of the pipes after approximately 2 
years of exposure. In most cases the conditions of two specimens of 
the same coating exposed to the same soil did not differ greatly. 
For this reason, and the fact that this report deals with a relatively 
short period of exposure of a small area, the condition of the worse 
of the two specimens is recorded in cases where differences occurred. 
It will be seen that, with two exceptions, the coated pipes were im 
better condition than the bare pipes in the same soil. On the other 
hand, no coating entirely prevented corrosion in all soils for 2 years, 
and on several specimens rather serious pits were found. 

The last column of table 16 shows the condition of somewhat larger 
specimens of steel pipe protected for approximately 2% years by an 
asbestos-fabric reinforced coal-tar enamel coating. This co 
which is among the best of the bituminous coatings, can be obtain 
at reasonable cost and can be applied to any size pipe. The per 
formance of better and worse bituminous coatings can be comp 
with the coatings in table 16 by reference to Technological Paper 
368 and the reports of Scott * and Ewing.” 


4 G. N. Scott, API coating tests—Progress report III. Proc. Am. Petroleum Inst. 13, sec. 4, 114 (1932). 
18 §. Ewing, AGA studies of coatings for pipe lines. Proc. Am. Gas Assn. p. 741 (1933). 
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TaBLE 16.—Condition of pipe protected by nonmetallic coatings, after 2 years of 
exposure 


[The worse of the 2 specimens in each case is recorded] 
The following symbols have been used to indicate the condition of the pipe. U=no corrosion; R=rusted; 


M=metal attack; pipe roughened by corrosion. The figures represent the depth of the deepest pit in 
mils (thousandths of an inch). 
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In general, the thin coatings employing a volatile solvent were not 
as satisfactory as the thicker coatings. In the past, such coatings 
have been found to contain pinholes. It required four applications 
of the thin rubber solution to eliminate pinholes in coating D, and 
these applications proved ineffective in eliminating corrosion in more 
than one soil. 

Since the strip B was not applied to a pipe its effectiveness as a 
coating can only be judged from the condition of the material. Seven- 
teen specimens appeared to be unchanged by 2 years of exposure to 
soils. Eight specimens appeared to have become somewhat stiffer. 
In the tidal marsh, both specimens had hardened and showed minute 
surface cracks. Several specimens showed distortion resulting from 
uequal clod pressure on the two sides of the specimens. 

Of the vitreous-enamel specimens, C, two pits were found on one 
specimen from Acadia clay, and one pit was observed on one specimen 
from muck. It is probable that these pits were the result of pinholes. 
All other specimens of enamel were unaffected. 

Coating D, made from a solution of rubber, blistered badly in 
several soils, became quite brittle, and showed little adhesion to the 
pipe. Most of the specimens were rusted to some extent. Eight 
specimens showed pits 10 mils in depth or deeper. The coating 
material appeared to be in better condition than several others, 
which suggests the possibility that a satisfactory rubber-base coating 
could be developed. 

Paint coating E gave results similar to paints that have been tested 
other occasions. The color of many of the specimens changed. 
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A large percentage of the specimens developed a large number of smal] 
blisters beneath which rust was found. 

Coating F, which is a cold application of cashew-nut shell oil and 
asbestos fiber, became brittle and rust formed beneath the coating, 
As a result the bond between the pipe and the coating was destrosiil 
Table 16 indicates that although the specimens rusted at all test 
sites no measurable pits developed within 2 years. Experience with 
other types of coatings indicates that thinly coated specimens which 
rust will develop pits on longer exposure. 

Coatings G and H, which are hard-rubber compounds about 0.1 
inch in thickness, behaved similarly. Several specimens showed 
rust near the ends of the specimens but no rust was observed elsewhere, 
The indications are that moisture entered at the ends of the specimens 
because of imperfect bond between the coating and the metal rather 
than through the coating. The continuity of the bond between the 
coating and the pipe is important. Experience has shown that it is 
very difficult to maintain a coating entirely free from voids and injuries 
until it has been placed underground. The adhesion of the coating 
to the pipe should, therefore, be such as to prevent moisture from 
spreading beneath the coating. Rusting which follows the entrance 
of moisture may crack the coating and allow more moisture to reach 
the pipe. 

Coating J, a synthetic resin, was removed from only three soils, 
The coating exposed to Cecil clay loam (53) was only slightly affected. 
In the two alkali soils (57 and 64) to which the coating was exposed, 
it became brittle and rust formed on the pipe. In the Salinas clay (64) 
both pipes were pitted. 

Specimens of the chlorinated rubber coating K were removed from 
four soils, but from two of the soils only one specimen was removed. 
The specimen removed from Cecil clay loam 53 was unaffected, 
except for two small pits about % inch apart, which may have been 
the result of imperfections or injury to the coating. The single speci- 
men exposed to cinders (67) showed rust stains through the coating 
and rust in spots on the pipe. In the other soils, 57 and 64, each of the 
specimens showed some small blisters. 

Coating W, which is a compound of china wood oil and powdered 
mica, was the thickest coating tested. Seven of the coatings cracked 
longitudinally. As a few specimens were cracked when received it is 
possible that the cracking was the result of the aging of the material 
rather than an effect of the soil. The primer beneath the coating on 
most of the specimens was blistered. Since some of the blistered 
primers were covered by apparently perfect coatings, it is possible 
that the blistering of the primer was caused by the baking of the 
coating rather than by corrosion. Nine specimens showed rust 
spots but no measurable pits were found. The bond between the 
primer and the coating is poor. The rust inhibitor in the primer was 
not altogether effective. : 

In considering the significance of the data on nonmetallic coatings 
presented herewith, the reader should keep two facts in mind: (I) 
The data represent the condition of approximately % square foot of 
pipe surface, whereas the pipe-line operator is interested in the worst 
condition on thousands of square feet. As we are dealing with maxima, 
we should expect a section of pipe coated for test to show fewer rust 
spots and shallower maximum pits than would a whole pipe line t 
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which the same coating has been applied; (2) although protective 
coatings generally do not entirely prevent corrosion, they usually 
reduce the annual maintenance charges on the pipe line. It is possible 
that the use of an inexpensive coating may be more economical than 
the use of a more effective coating which costs more. 

The final decision as to whether or not one or more of the coatings 
for which data have been presented can be used to advantage under a 
given soil condition depends not only upon the corrosiveness of the soil 
and the corrosion-inhibiting value of the coatings, but also upon the 
cost of the pipe, the cost of the coating and the cost of making repairs. 
It can be shown that in cases where the soil is very corrosive, almost 
any coating affords sufficient protection to pay for its cost. Between 
this condition and the one in which bare pipe will last indefinitely is a 
wide range of soil conditions for which corrosiveness, protective 
properties of coatings, and costs must be known before the engineer 
can determine whether or not any coating should be applied. For 
most of these cases sufficient data are not available. 


VII. SUMMARY 


1. With the exception of the lead-coated specimens, all of the 
coatings treated in this report appear to have reduced the rate of 
corrosion of steel during the period of the test. 

2. None of the coatings have a perfect record for all specimens 
removed, although in some cases of short-time exposures the rusting 
of the protected pipe was probably caused by moisture entering 
through the ends of the specimens and not through the coating. 

3. Specimens calorized by the powder process showed somewhat 
higher rates of loss of weight and somewhat lower rates of maximum 
penetration than those calorized by the dip process. 

4, Lead is sufficiently corrodible in most soils to result in the 
perforation of lead coatings of the thickness used in these tests within 
10 years. After the lead has been punctured, accelerated corrosion 
may occur because of differences of potential between lead and steel. 

5. Over a 10-year period, the rates of loss of weight of galvanized 
steel were from one-half to one-fifth the rates for bare steel. 

6. Galvanized steel corrodes most rapidly in poorly drained acid 
soils and in those high in salts, 

7. For long periods of exposure, thick zinc coatings are superior to 
thin ones. A coating of 2.8 ounces per square foot of exposed surface 
prevented the formation of measurable pits in all but one soil for a 
period of 10 years. 

8. The type of ferrous material to which the zinc is applied does 
hot have an appreciable effect on the rate of corrosion of galvanized 
materials during the first 10 years of exposure. 

9. The rate of corrosion of galvanized steel is lower than that of 
either zinc or steel alone. 

10. Foundry and mill scale do not protect ferrous materials against 
underground corrosion. 

ll. The coverings over the lead sheath in parkway cable prevent 
serious corros:on of the sheath for a period of 12 years at least. 

12. Of a group of nonmetallic and nonbituminous coatings, vitreous- 
enamel and hard-rubber coatings afforded the best protection over a 
2-year period of exposure. 
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Thin coatings in this group permitted moisture to reach the pipe 


and rusting followed. 
13. It is not possible to determine from the data presented whether 


or not any of the coatings would be advisable under any of the soil 
conditions studied because this is an economic problem depending 
largely on the cost of the coating and other factors. 


The cleaning, weighing, and measuring of the specimens have been 
done mostly by A. L. Lewis and L. M. Martin. The inspection of the 
galvanized sheet and pipe was made by R. F. Passano of the American 
Rolling Mill Co., and C. P. Larrabee of the Carnegie-Illinois Steg 
Corporation. The inspection of the nonmetallic coatings was made 
by S. P. Ewing. Tables and drawings were prepared by L. M. Martin 
and R. W. Mattoon. From all of these men, and from I. A. Denison, 
many en suggestions as to the significance of the data have been 
received. 


Wasuineton, December 12, 1936. 
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